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PREFACE 


Ice  is  one  of  the  most  widely  distributed  solids  on  the  earth's 
surface  encountered  by  man  in  ever  day  life.  We  know  that  ice  somc- 
tiniei  inflicts  great  losses  on  the  national  econotny;  it  obstructs,  naviga¬ 
tion,  exerts  an  adverse  influence  on  j^rt  installations^,  bridge  supports, 
hydrbtechnical  equipment^  et  al.  However,  ice  is  also  widely  employed 
as  a  construction  material  for  ice  storehouses,  ice  causeways  and  the 
like  and  for  ice  crossings  and  ice  roads.  Further,  it  is  used  to  combat 
aridity. 

All  this  indicates  the  need  for  sound  knowledge  of  the  physical 
and  mechanical  pro^rties  of  ice.  Studies  of  these  properties  have  been 
made  and  extensive  data  have  appeared  in  the  special  literature,  but  it 
is  very  difficult  to  make  practical  use  of  this  information  because  the 
quantitative  parameters  of  the  mechanical  properties  of  ice  show  very 
large  discrepancies.  For  example,  the  ultimate. compressive  'Ircngth 
of  ice  found  by  testing  icc  samples  varies  from  10  to  100  kg/cm  and  more, 
i.  e. ,  it  may  vary  by  a  factor  of  ten  or  more.  The^data  on~the. plastic 
properties  of  ice  reveal  even  greater  discrepancies.  In  view  of  this,  the 
need  has  arisen  to  analyze  and  generalize  all  these^data,  to  attempt  to 
explain.the  reasons  for  the  large  discrepancies  in  thc  various  parameters, 
to  establish  the  laws  of  their  change  and  to  find  the  most  reliable  charac¬ 
teristics  of  the  mechaiiical  properties  of  ice  in  order  to  make  recommend 
datiohs  for  engineering  practice.  The  present  work  is  devoted  to  the  solu¬ 
tion  of  these  problems.  It  is  based  on  a  generalization  of  the  data  in  the 
literature  on  the  pro^rties  of  ice  and  on  the  experimental  work  of  ihc 
author  on  studies  of  the  plastic  properties  of  ice  carried  out  at  the  V.  Ai 
Obruchev  Permafrost  Institute  of  the  Academy  of  Sciences  of  the  USSR 
during  the  period  195*1  throughT958.  The  author  wishes  to  express  his 
deep  gratitc'ie  to  Corresponding  Member  of  the  Academy,  N.  A.  Tsytovich, 
to  Professor  S.  S.  Vialov  and  to  Professor  D.  A.  Savel'ev  for  a  number  of 
valuable  suggestions  which  have  been  considered  in  the  present  work. 
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CHAPTER  I 

THE  STRUCTURE  AND  THE  PHYSICAL  PROPERTIES  OF  ICE 

Ice  has  crystalline  structure.  Ice  cryst^s  are  optically  uni¬ 
axial  and  belong  to  the  hexagon^  system.  The  external  form  of  the 
crystal  varies  and  depends  on.the  conditions  of  the  formation  and 
growth  of  the  crystal.  However,  one  may  distinguish  three  basic  types 
of  ice  crystals:  tabular,  columnar  and  needle  (acicular).  The  crystal 
size  varies  greatly  (iroih  a  fraction  of  a  millimeter  to  one  meter  and 
more)  and  changes  continually  because  of  recrystallizatioh  processes, 
by  which  some  crystals  grow  at  the  expense  of  others. 

Ice  crystids  have  a  sharply  defined  mechanical  anisotropy,  as  a 
function  of  the  direction  in  which  forces  act  with. respect  to  the  basal 
plane  (the  plane  perpendicular  to  the  optic  axis  of  the  crystals).  The 
atoms  in  the  space  iatcice  of  the  ice  crystal  are  arranged  such  that  a 
disturbance  in  the  basal  plane  breaks  only  two  atomic  bonds  per  unit 
cell,  while  a  disturbance  in  any  plane  perpendicu^r  to  the  basal  plane 
requires  the  breaking  of  at  least  four  bonds  per  cell  (CXvston  and  Lons* 
dale,  1948),  Therefore,  the  structure  of  an  ice  crystal  may  be  rep¬ 
resented  as  a  collection  of  numerous,  very  thin,  durable  but. flexible 
plates  (McConnel,  1891).  The  intervals  between  the  elementary  platen 
(the  planes  of  closest  packing  of  atoms)  are  planes- of  weakness,  along 
which  relative  slipping  of  the  plates  may  occur. 

Due  to  the  anisotropy  of  the  ice  properties,  one  must  consider  the 
striicturc  of  ice  and  the  direction  of  the  optic  axes  of  its  crystals. 

In  nature  one  encounters  various  types  of  ice,  distinguished  by 
structure,  type  of  distribution  and  other  properties.  Actually,  large 
single  crystals  of  ice  are  rarely  found.  For  the  most  part,  one  finds 
polycrystalline  ice,  which  consists  either  of  randomly  oriented  fused 
crystals  (granular  ice)  or  intergrown  individual  crystals,  whose  axes 
arc  approximately  parallel. 

Ice  structure  is  a  function  of  its  mode  of.formation.  The  following 
basic  types  may  be  distinguished  (Tsytovich  and  Sumgin,  1937): 


a)  Continuous  crystalline,  which  forms  during  the  calm  freezing 
of  water; 

b)  Needle,  often  with  air  bubbles,  which  forms  at  the  point  of 
contact  of  water  and  ice; 

c)  Lamellar,  which  forms  during  the  ^riodic  freezing  of  individual 
layers  of  water  or  during  the  densification  of  individual  layers  of  wet  snow; 

d)  Firn  or  granular,  which  forms  during  the  freezing  of  snow; 

e)  Fine-aggregate  irregular,  which  forms  during  alternate  freezing 
and  mixing  (observed  in  the  upper  ice  layer  of  large  reservoirs); 

f)  Loose-flaky,  observed  in  a  newly  fallen  snow  cover  and  also 
during  the  freezing  of  water  which  condenses  from  vapor. 

We  now  have  a  more  complete  and  better  genetic  classification  of 
ice  developed  by  P.  Ai  Shumskii  (Shumskii,  1955),  in  which  ail  types  of 
fresh  ice  are  taken  into  account  and  a  detailed  description  is  c’vcn  of  the 
conditions  of  their  formation  and  mode  of  occurrence,  their  structure, 
crystal  orientation  and  the  nature  of  their  air  inclusions.  The  broad  scope 
of  the  Shumskii  classification  makes  it  somewhat  cumbersome,  however, 
and  since  we  are  not  concerned  with  tbs  genesis  of  ice,  we  feel. we  can 
limit  ourselves  to  the  above  simplUied  classification  and  refer  our  readers 
to  Shumskii's  work  for  a  more  complete  classification. 

When  water  freezes  calmly,  crystals  with.optic  axes  parallel  to 
the  surface  of  freezing  predominate  in  the  upper  layer  of  the  ice  cover,  while 
crystals  with  vertical  axes  predominate  in  the  lower  layers.  In  lake  iCe, 
according  to  B.  A.  Savel'ev  (1953),  crystals  with  optic  axes  parallel  to  the 
surface  of  freezing  are  encountered  approximately  to  a  depth  of  18  cm,, 
while  below  that  all  crystals  have  optic  axes  perpendicular  to  the  plane  of 
freezing.  With  increasing  depth  from  the  upper  surface,  some  of  the  cry¬ 
stals  wedge  out  and  the  lateral  dimension  of  the  remaining  crystals  in¬ 
creases. 

In  the  case  of  turbulent  freezing  of  water,  the  axes  of  the  ice  cry¬ 
stals  have  random  orientation. 

The  melting  of  ice  and  sublimation  (transition  to  the  vapor  state) 
arc  functions  of  temperature  and  pressure.  Under  specific  temperatures 
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and  pressures,  ice  and  water  or  ice  and  vapor  may  enter  into  equilibrium 
with  each  other.  The  curves  of  the  equilibrium  of  these  phases  (fig.  1} 
show  the  limits  of  the  stable  state  of  the  ice.  The  point  of  intersection 
of  the  indicated  curves,  the  so-called  triple  point,  in  which  the  system 
ice-water-vapor  is  in  equilibrium  corresponds  to  a  temperature  of. 

+  0.  0099^C  and  a  pressure  of  0.  006  atmosphere.  The  melting  point  of 
pure  ice  at  normal  atmospheric  pressure  is  0°C.  The  melting  point  is 
reduced  as  hydrostatic  pressure  is  increased.  It  has  been  established 
that  a  pressure  increase  of  1  kg/cm^  corresponds  to  a- 0.  0075°C  reduction 
of  the  melting  points  Oriented  unilateral  pressure  can  also  cause  some 
change  in  the  melting  point,  but  it  will  be  quite  negligible,  less  than  0.  Ol^C 
(Shumskii,  1955). 

Water  may  freeze  at  the  same  temj^ratures  (as  a  function  of  pres¬ 
sure)  at  which  ice  melts  only  at  the  boundary  of  an  extant  crystal  phase. 
Therefore,  when  there  are  no  center*  of  cryataiiisaticr.,  water  niay 
"supercooled"  considerably  below  the  temperature  at  which  therniodynuniic 
conditions  are  created  for  converting  water  into  ice.  Cases  arc  known 
where  water  dro^ets  have  been  supercooled  to  -72°C.  Under  natural 
conditions,  there  are  always  foreign  particles  in  water  which  become 
centers  of  crystallization,  therefore,  ordinarily  water  cannot  be  super¬ 
cooled  more  than  a  few  degrees. 

In  addition  to  ordinary  icc,  various  poiymorphour  modifications 
of  ice  arc  known.  However,  they  exist  only  under  great  pressures  (from 
2,000-50,  000  atm)  and  are  not  encountered  under  normal  conditions, 
therefore,  we  shall.not  investigate  these  modifications  of  ice  in  the  pre¬ 
sent  work. 

Impurities  in  ice.  In  ice  one  usually  finds  a  certain  number  of 
impurities,  inclusions  of  air  or  of  gascs-and  salts.  Furthermore,  under 
8{>ecific  conditions  (heat  influx,  increased  pressure)  icc  also  contains 
water.  In  natural  ics.  one  may  find  various  solid  inclusions,  c.  g. .  in¬ 
soluble  mineral  fragments. 

The  gaseous  inclusions  in  ice  come  citner  directly  from  the  atmos¬ 
phere  or  from  freezing  water.  The  chemical  composition  of  these  ior 
elusion*  is  usually  close  to  that  of  atmospheric  air.  The  air  inclusions 
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in  ici  Ire  uijanUy  tiny  •;^eTicai  ydide  or  elongated  cloaed  cells.  C^n 
^res  and  cracks  are  also  foo;^^  Dense,  truipareht  ice  either  contains 
??  »^cropores-at  aiU  cr  very  few  of  them.{pQrosity  within  the.  limit  of 
^  /^S)*  If  there  is  a  large  quantity  of  air  inclusions  in  the  ice,  the 

ice  isTless  trans^rent,  i.e. ,  cloudy.  Such  ice  is  usually  found  in  the 
midd^  and  the  lower  ^yers  of  the  ice  cover.  In  this. case,  the  porosity 
of  the  ice  generl^y  varies-ffom  1  to  50  cm^/kg.  Ice  with  a  very  large 
nufhibwr  of  air  pores  (from  50-406  cm^/kg)  also  occuri.  ^ch  ice  is 
opaque  and  16oks,like  snow  (^vel'ev,  1953).  Usually  it  forms  as  a  re¬ 
sult  of  the  freexing  together.:of  moistened  snow. 

The  presence  of  dissolved  salts  in  water  changes  the  conditions  of 
freexing  of  the  water.  Upon  cooling  and  passing  into  the  solid  states  the 
solution  becomes  in-homogeheous  and  breaks  up  into  its  components. 
kTheh  a  low-cohcentratioh  solution  is  cooled  below  the  freezing  point  of 
pure  water,  pure  ice  begins  to  form  from  it  and  the  solution  cohrehtra- 
tioh  increaseSi  When  a  high-edheehtratioh  solution  is  cooled,  it. becomes 
supersaturated.'and  salt  crystals  begin  to  form,  from  it. 

Thus,  for  each  solution  temperature  below  the  freezing  point  of 
pure  water,  there  are  two  mMimuih  equilibrium  concentrations  of  salts, 
beyond  which. ice. or  salt  crystals  separate  out  (fig.  2).  ^be  temperature 
corresponding  to  the  point  of  intersection  of.these  limits  is  called.the 
eutectic  temperature.  At  this  temperature  and  the  corresponding,  solution 
concentration,,  both  components  separate  out  simultaneously  and  the  solu¬ 
tion  composition  remains  unchanged  during  this  freezing  period,,  i.  e. ,  the 
solution  freezes  completely.  As  a  result,  a  eutectic  mixture  of  ice  and 
salt  crystals  forms.  If  the  initial  concentration  of  the  solution  was  less 
than  tlM  eutectic,  after  Cooling  below  the  eutectic  temperature  a  mixterc 
of  eutectic  and  ice  forms^  called  the  hypbeutectic,  but  if  the  initial  con¬ 
centration  of  the  solution  is  greater  than  the  eutectic,  a  mixture  of  eutec¬ 
tic  and  salt  forms,  called  the  hypcreutectic.  Thus,  salts  in  the  ice  above 
the  eutectic  temperature  arc  in  the  form  of  a  liquid  brine,  and  its  concen¬ 
tration  increases  and  the  quantity  decreases  with  intensification  of  freez¬ 
ing.  When  the  salt  content  is  small,  almost  all  the  brine  in  the  ice  is 
concentrated  in  the  form  of  films  or  isolated  inclusions  at  tlic  crystal 
boundaries.  An  increase  in  the  salt  content  leads  to  the  formation  of  inter 


layers  of  brine  within  the  crystals  in  the  basal  planes,  separating  the 
cryst^s  into  a  nunaber  of  plates  (^vel'ev,  1953;  Shumskii,  1955). 

The  presence  of  films,  isolated. inclusions  and  especially  inter¬ 
layers  of. liquid  brine  exerts  a  considerable  influence  on  the  mechanical 
properties  of  ice,  reducing  the  ice  strength.  However,  it  should  be  noted 
that  the  amount  of  liquid  brine  in  fresh-water  ice  is  usually  negligible 
and  can  exert  some  influence  on  the  mechanical  properties  of  ice  only 
at  a  temperature  close  to  the  melting  point. 

Regelrtion  and  recrystallizatioh.  Ice  can  regel  or  freeze  together. 
This  property  consists  in  the  following:  external  forces  may  cause  some 
melting  of  particles  at  the  points  of  contact  of  ice  particles  or  pieces 
of  ice.  The  water  which  forms  in  this  case  is  extruded  to  places  where 
pressure  is  lower  and  freezes  there,  as  a  result  ice  particles  freeze  to¬ 
gether.  The  freezing  together  of  ice  surfaces  occurs  more  slowly  and 
take  place  without  any  pressure  and  without  the  participation  of  a  liquid 
phase,  as  a  result  of  the  sublimation*  of  ice  and  recrystallization.  Con¬ 
sequently,  hairline  cracks  in  ice  cannot  exist  for  a  long  period  of  time. 

Recrystallization  takes  place  continuously  in  ice  and  is  nianifested 
in  the  spatial  displacement  of  the  boundary  between  crystals,  in  the  change 
of  size,  shape  and  total  number  of  crystals  and  in  the  change  of  crystal 
orientation.  The  founding  of  sharp  edges  and  corners  is  observed  in  indiv¬ 
idual  crystals.  Crystals  strive  toward  the  equilibrium  form  (a  sphere), 
which  is  characterized  by  a  minimum  free  energy.  In  polycrystalline  ice, 
the  principle  of  minimum  free  energy  is  manifested  in  the  tendency  toward 
the  fusion  of  crystals  and  reduction  of  the  number  of  crystals.  The  larger 
crystals  grow  because  of  the  reduction  of  volume  (and  even  the  complete  dis¬ 
appearance)  of  the  smaller  crystals,  i.  e. ,  a  ’’selective"  recrystallization 
occurs  (Shitmskii,  1955).  Rounding  is  rapid  only  when  angular  crystals  arc 
present,  while  selective  recrystallization  takes  place  only  when  very  small 
crystals  arc  present.  These  processes  diminish  as  the  crystals  become 
rounded  and  the  tiny  crystals  disappear. 

*  By  sublimation  we  mean  the  process  of  the  dLstillation  of  icc  from 

one  place  to  another  through  the  vapor  state,  i.  c.  ,  volatilization,  the  mig¬ 
ration  of  vapor  and  ite  crystallization. 
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Tte  ccystallizatidh  processes  are  more: intensive  inuce  in  a  state 
of  stress. uhder  the  influence  of  various  mechanical  forces.  In  this  case, 
diie  to  the  mecliahical  Micotropy  of  the. crystals,  a  non-equilibrium 
stressed  state  is  created  and  recrystidlizatioh  begins  >i'ith  the  growth  of 
the  less  streised  crystals  or  their  parts  at  the  ex^nse  of  the  more  heavily 
stressed  crystals.  The  orientation. of  the.  crystals  may  change  in  this 
case.  Crystals  wi^  basal  planes  close  to  the  directions  of  shear  experience 
a  smaller  stress  during  the  (^formation  process  fhah  crystals  oriented 
differehfly  and  under  heavier  stress  and  they  grow  at  the  expense  of  the 
more  heavily  stressed  crystals. 

j^crystallization  consists  in  the  transfer  of  molecules  from  the 
space  lattice  of  one  crystal.to  the  space  lattice.of  another  crystal  adjacent 
to  iti  Recrystallization  may  also  take  place  by  ^e.-redistribiition  of  material 
through  the  vapor  dr  liquid  phases  These  latter  types  of  rccrystallization 
play^a  considerable  role  at  tehij^ratures  close,  to  . zero. 

Density-and  specific- volume^  The.dchsity  o.f-pure.  ice:at  O^C  and  a 
pressure  of  l=atm6sphere.is..0. 9l68  g/cm  ,  while-the  specific  volume  is 
1.  0908  cm  /g.  The  density  of  water-under  these  conditions:  is  Oi  999863 
g/cni  .  Water -expands  9%  upon  freezing.  When  thei ice  contains,  pores 
and  inipuritiesj^  its^dehsity  differs  slightly  from  the  above^  The  densitv 
of  pore-free  ice  etonges  but:slightly  under  the  influence  of  pressure. 
According  to;  the  data  of  B.  P.  Veinberg  (1940),  the  compressibility  factor 
is  approximately  {1-5}  x  lO'^  per  atih.  Pressure  may  exert  a  substantiail 
.influence  on  the  density  of  porous  ice  only,  reducing. the  porosity  and- cor-- 
fespondingly  increasing- the-density. 

Thermal  expahsiori.  The  coefficient  of^expansion  of  ice  is^a  func¬ 
tion  of  temperature,  increasing  as  tc^nperatures  increase.  In  theHemperjt- 

tufe  range  -20**C  to' O^C,  the  coefficienfcof  linear  expansion  is,  on  an 

--5'  . 

average,  5.  5  x  10  ,  whilc.the  coefficichi  of  volumetric  expartsinn  is  c*?r- 

rcspondingly:l6. 5  x.i0  ^  per  ®C.  In.ihe  ichiperature  range  -40*^C-to  -Ep-C, 
the  coefficient  of  linear  expansioni  according  to  the  c.xparimepts  o?;  . Andrews 
(see  Veinbefg,  19-10)  is  about  3. 6  x  lO"^  per  ®C. 

The  specific  heat  of  ice  varies  as  the  fempciature,  decreasing  aS 
the  temperature  decreases.  This  relationship  may  be  expressed  by  d:* 
following  empirical  formula  (Veinberg,  1940)i 
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See  "  0-  5057  -  0.  001863  6  cal/g  degree 

Where  'S,  is  the  ebsolute  v^ue  of  the  negative  temperature  of  ice  in  °C. 

■The  latent  heat  of  fusion  of  pure  ice  is  79.  6  cal/g.  The  latent,  neat 
of  sublimation  (vaporization)  of  ice  at  0*^0  is  677  cal/g. 

The  thermal  conductivity  of  ice  is  a  function  of  the  ice  temperature. 
The  coefficient  of  thermal  conductivity  of  dense  ice  is  a  function  ol  tempera¬ 
ture  and  may  be  expressed  by  the  empirical  formula  (Veinberg,  1940): 

*  0.  0053  (1  +  0.  0015  6)  cal/cm  sec  degrect 

where  6  is  the  value  of  the  ice  temperature  in  °C. 

The  pre.^ence  of  air  inclusions  in  ice  reduces  the  co«>fficicnt  of 
conductivity  of  the  ice.  JJata  are  now  available  ulM^wing  tha:  the 
thermal  conductivity  of  ice  crystals  in  the  direction  of  the  main  crystal¬ 
lographic  axis  is  Somewhat  greater  than  in  the  direction  perpendicular 
to  the  axis  (Shumskii,  1955).  However,  this  difference  is  insignificant. 


CHAPTER  U 

THE  BASIC  LAWS  OF  HCE  DEFORMATION 

When  a.  force  ie  applied  to  ice,  the  icc  begins  to  deform  and 
behaves  as  an  elastic,  plastic  or  britUe  body  depending  on  various 
factors,  i.e. ,  it  deforms  elastically  or  plastically  or  it  experiences 
brittle  fracture. 

Some  of  the  main  characteristic  properties  of  ice  compared  with 
other  crystalline  bodies  are  its  distinctly  expressed  plastic  properties. 
Under  a  load,  ice  may  change  form  without  breaking  and  without  changing 
volume,  like  a  fluid.  We  know,  for  example,  that  glaciers  "flow"  at  a 
definite  speed  and,  to  a  certain  extent,  such  flow  is  remmiscent  of  the 
flow  of  a  river.  Therefore,  the  plastic  deformation  of  ice  is  sometimes 
compared  with  the  flow  of  a  highly  viscous  fluid. 

The  area  of  manifestation  of  purely  elastic  properties  is  so  small 
that  in  practice  one  cannot  distinguish  it.  Usually,  plastic  deformations 
can  be  observed  along  with  elastic  deformations,  under  any  stress. 

Elastic  deformation  occurs  at  the  moment  load  is  applied,  and  the  plastic 
deformation  begins  immediately  after  the  elastic.  The  total  deformation 
generally  consists  of  two  components;  the  elastic,  i.  e. ,  the  reversible 
deformation  and  the  plastic,  i.e. ,  the  residual.  In  passing,  it  should  be 
mentioned  that  plastic  deformations  occur  only  in  presence  of  shear 
stresses,  therefore,  only  elastic  deformations  and  densification  will  occur 
under  equal,  hydrostatic  compression  of  monolithic  ice. 

Brittle  fracture  of  icc  is  observed  when  the  stresses  on  the  ice  are 
increased  to  a  certain  limit,  the  ultimate  strength  of  the  ice,  *  and  also, 
in  a  number  of  c>.ses,  under  the  influence  of  dynamic  loads. 

The  mechanical  properties  of.  ice,  i.e, ,  the  capacity  of  ice  to  re¬ 
sist  the  influences  of  externa^'  forces  change  considerably  depending  on 
temperature.  The  closer  the  temperature  of  the  ice  is  t\->  the  melting 
point  of  ice,  the  greater  arc  the  manifestations  of  the  plastic  properties  of 

This  critical  stress  is  also  called  the  breaking  point  or  the  limit 
of  plasticity. 
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th«  ice  and  the  lower  ite  strength.  This  phenomenon  is  explained  by 
the  weakening  of  the  cohesion  of  the  ice  mo^cules  in  the  space  lattice 
of  the  crystals  and  the  possibility  of  rearrangement  of  the  atoihs.  On 
the  other  hand,  the  lower  the  temperature  is,  the  more  difficult  it  is 
for  the  atoms  to  become  rearranged  in  the  space  lattice  of  ice  and  the 
more  apparent  are  the  elastic  and  brittle  properties  of  ice. 

The  structure  of  ice  also  exerts  a  considerable  influence  on  the 
character  of  the  ice  deformation.  In  this  connection,  first  let  us 
treat  the  deformation  of  ihdlvidiial  ice  crystals. 

THE  DEFORMATION  OF  ICE  MONOCRYSTALS 

The  character  of  the  deformation  of  the  monocrystal  is  first  a 
function  of  the  direction  of  shearing  forces  with  respect  to  the  basal 
plane  of  the  crystal.  As  has  already  been  noted  in  Chapter  1,  an  ice 
crystal  may  be  represented  as  an  accumulation  of  numerous,  very  thin 
strong  but  flexible  plates  perpendicular  to  the  optic,  axis  of  the  crystal. 
These  eleihentary  plates,  about  0.06  mm  thick  (Nakaya,  1958),  cor¬ 
responding  to  layers  of  closest  packing  of  atoms,  may  move  relatively 
easily  with  respect  to  each  '^ther.  During  the  deformation  of  ice,  gliding 
is  observed  exclusively  along  the  basal  planes.  In  cases  where  the  direc¬ 
tion  of  the  forces  causing  shear  does  not  coincide  with  the  basal  plane, 
the  bending  and  relative  shearing  of  the  elementary  plates  occur  simul¬ 
taneously.  Only  at  a  temperature  close  to  the  melting  point  can  plastic 
shearing  occur  in  any  direction  (Glen  and  Peruts,  1954),  because  in  this 
case  many  internal  bonds  are  broken  in  the  crystal.  Gliding  may  take 
place  with  approximately  equal  ease  in  any  direction  in  the  basal  plane 
(Steinemann,  1954).  This  type  of  plastic  deformation  may  reach  any 
magnitude  up  to  complete  extraction  of  the  parts  of  the  ice  crystals  bounded 
by  the  basal  planes. 

Figure  3  shows  three  main  possible  directions  of  forces  which  cause 
shearing  relative  to  the  basal  plane.  In  case  1,  where  the  shear  plane 
coincides  with  the  basal  plane,  only  translation  of  the  elementary  plates 
takes  place  and  the  deformation  is  plastic.  If  the  shearing  force  acts  in 
the  direction  of  the  main  axis,  i.  e. ,  if  the  direction  of  force  and  the 


-  10  - 


'1 

•bear  plane  are  perpendicular  to  the  baaal  plane  (case  2),  the  elementary 
plates  of  the  crystal  bend  and  small  relative  shearing  motions  of  the 
plates  occur  with  respect  to  the  basal  planes.  After  the  stresses  in  the 
elexhentary.  plates  reach  a  certain  limit,  the  plates  break.  Information 
is  elastoplastic  and  when  the  stresses  are  increased,  rupture  occurs.  In 
case  3,  where  the  direction  of  the  shearing  force  coincides  with. the  basal 
planei  hut  the  shear  ]^ane  is  perpendicular  to  it,  the  elementary  plates 
allow  only  a  negligible  elastic  deformation.  However,  when  the  stresses 
arc  increased  and  when  there  is  a  corresponding  increase  of  the  elastic 
plane  strain  of  the  elementary  plates,  they  may  bend  due  to  the  loss  of 
stability  and  some  relative  shearing  motions  in  directions  which  do  not 
coincide  with  the  direction  of  the  shearing  force.  A  further  increase  of 
stress  causes  the  crystal  to  break. 

From  what  has  been  said,  it  is  evident  that  two  different  types  of 
deformation  occur  simultaneously  in  a  monocrystal  under  the  In/iuence  of 
an  external  force,  namely:  elastic  deformations  of  the  elementary  plates 
and  their  relative  plastic  shear.  These  two  types  of  deformation  are 
closely  related  and  exert  a  mutual  influence  on  each  other.  We  know  that 
the  elastic  deformation  takes  place  instantaneously  (more  exactly,  at  the 
rate  of  propagation  of  acoustic  waves),  while  plastic  deformation  takes 
place  relatively  slowly.  Therefore,  at  the  moment  force  is  applied  only 
elastic  deformation  of  the  c  takaa  place.  The  elementary  plates  in 

this  case  arc  still  rigidly  connected,  as  it  were,  while  bending  of  the  plates 
is  difficult  and  the  total  deformation  is  slight.  The  internal  shearing 
stresses  which  occur  cause  a  corresponding  relative  gliding  of  the  elemen* 
tary  plates  and  their  flexure.  Plastic  deformation  begins.  The  gliding  of 
the  plates  and  their  flexure  cause  a  redistribution  of  the  internal  stresses, 
which  leads  to  a  change  of  the  rate  of  plastic  deformation,  depending  on  the 
direction  of  the  force  and  the  magnitude  of  the  deformation  of  the  crystal, 
the  rate  of  plastic  deformation  may  decrease,  remain  constant  or  increase. 

If  the  shearing  stresses  on  the  planes  of  weakness  between  the  plates 
decreases  as  a  result  of  bending  and  slipping  of  the  plates,  the  rate  of 
plastic  deformation  of  a  monocrystal  will  also  decrease.  However,  if  the 
flexures  and  the  rotations  of  the  plates  takes  place  in  a  direction  such  that 
the  shearing  stresses  between  them  increase,  the  rate  of  plastic  deformation 
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will  increaa*.  In  caiaes  wbare  thnre  ia  no  aubatantial  change  of  the 
internal  atreaaea*  tiie  deformation  rate  may  he  cohatant. 

Figure  4  ahowa  curvea  of  the  ahearing  of  monocryataU  of  ice  vs. 
time,  with  different  ahearing  atreaaea,  at  a  temperature  of  >2. 3°C, 
according  to  the  experimental  data  of  S.  Steihematm  (1954).  The  testa 
were  conducted  aiich  that  the  direction  of  the  ahearing  forcea  coincided 
with  the  haaal  plane  and  pure  ahear  occurred,  fteinemann  eatabliahed 
that  two  atagea  of  creep  may  he  diatinguiahed  in  the  pure  ahear  of  a 
cryatal.  The  firat  atage  occura  during  gliding  when  the  total  relative 
angular  atrain  compared  with  the  undeformed  atate  of  the  cryatal  does 
not  exceed  0. 1>0. 2;  the  aecond  atage  appliea  to  large  aheara.  In  the 
undeformed  cryatal^  gliding  takea  place  relatively  slowly,  then  the  creep 
rate  increases  and  a  new  linear  segment  appears.  A  special  softening  of 
the  cryatal  takea  place.  The  transition  from  one  stage  to  the  other  is 
irreversihle.  The  crystal,  once  deformed  beyond  the  litmit 

for  the  firat  stage,  remains  soft  even  after  several  hundreds  of  hours. 

After  the  transitional  period,  the  deformed  state  remains  stable.  The 
relationship  between  the  strain  rate  y  and  the  shear  stress  t  for  both 
atagea  is  expressed  by  the  equation  “  kr’’^,  where  h  is  2. 3-4,  0  for  the 
firat  stage  and  1. 3-1. 8  for  the  aecond  atage. 

Figure  5  shows  the  deformation  curve  for  the  tension  of  an  ice 
cylinder  cut  from  a  monbcrystal  of  glacier  ice,  according  to  the  experi¬ 
mental  data  of  Jeliinek  and  Brill  (1956).  The  rate  of  deformation  increases 
with  time.  Apparently  this  increase  is  explained  by  the  above-described 
"softening"  of  the  crystal  and  by  the  fact  that  under  tension  the  shear 
stresses  in  the  sample  increase  between  the  elementary  platet.,  due  to 
a  reduction  of  the  cross  section  of  the  sample  and  the  rotation  of  the 
plates.  An  ice  crystal  permits  considerable  plastic  tensile  strain.  For 
example,  cases  are  known  where  the  sample  was  stretched  almost  double 
its  initial  length  and  became  a  thin  tape,  but  remained  a  inonocrystal 
(Glen,  1952).  In  this  case  the  optic  axis  changed  direction  and  became  almost 
perpendicular  to  the  direction  of  strain.  In  those  cases  when  the  optic 
axis  of  the  crystal  coincided  with  the  direction  of  strain  and  primarily 
elastic  deformation  occurred,  the  plastic  deformation  was  negligible  and 
the  accelerating  creep  stage  did  not  occur  (Glen  and  Perutz,  1954). 
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In  a  crystal  stibjscied  to  plastic  deformation  under  some  sort  of 
external  force,  after  the  force  has  ceased  to  act,  partial  reduction  of  the 
deformation  occurs-with  a  tendency  toward  re-establishment  of  the  initial 
fornsi  This  recovery  does  not  take  place  immediately,  but  over  a  certain 
period  of  time.  The  recovery  process  is  similar  to  that  of  crystal  defor¬ 
mation  in  the  initial  period  of  influence  of  the  force.  At  the  moment  the 
force  ceases,  instantaneous  elastic  recovery  occurs  due  to  the  removal  of 
the  overall  stress  state;  then  one  observes  a  special  "reverse  creep"  con¬ 
sisting  in  the  gradual  reduction  of  the  total  deformation  of  the  crystal  (at  a 
decreasing  rate). 

The  work  expended  during  the  mechanical  action  on  the  crystal  is 
converted  in  part  into  thermal  energy,  while  the  remainder  is  transformed 
into  the  free  energy  of  the  crystal.  During  plastic  deformation,  work  is 
converted  principally  into  thermal  energy,  due  to  which  the  temperature  in¬ 
creases  or  partial  melting  begins.  The  free  energy  of  the  ciyiial  increaaus 
during  elastic  deformation  and  also  when  the  crystal  breaks,  in  which  case 
work  is  expended  on  creating  an  additional  surface.  There  may  also  be  a 
negligible  free  energy  increment  during  plastic  deformation  when  there  is  some 
lattice  disturbance  and  when  stresses  are  created  which  lead  to  hardening. 

The  excess  free  energy  of  the  crystal  may  be  expended  on  processes  connected 
with  relaxation  or  again  may  be  converted  into  mechanical  work.  The  free 
energy  increment  may  also  cause  recrystallization. 

THE  DEFORMATION  OF  POLYCRYSTALLINE  ICE 

The  deformation  of  polycrysUlllne  ice  consists  in  the  deformation 
and  the  relative  displacement  of  its  crystals.  This  second  factor  causes  some 
difference  between  the  laws  of  the  deformation  of  polycrystallinc  anel  mono¬ 
crystalline  ice. 

Poiycrystalline  ice  in  which  the  direction  of  the  optic  axes  of  most 
crystals  coincides  (a  characteristic  feature  of  the  ice  cover  during  the  calm 
freezing  of  water),  is  characterized  by  mechanical  anisotropy.  The  magnitude 
of  the  deformation  of  such  ice  as  well  as  the  deformation  of  individual  mono 
crystals  depends,  to  a  considerable  extent,  on  the  direction  of  application 
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of  the  forceii  relative  to  the  axi^  Erection  of  most  of  the  crystals.  However, 
anisotropy  is  not  as  pronounced  in  polycrystals  as  in  monocrystals,  since 
the  ice  crystals  may  slip  with  respect  to  each  other  and  the  stressed  state 
in  the  deformed  ice  mass  is  almost  always  irregular;  thus,  the  shear  stresses 
act  in  different  directions  relative  to  the  crystal  axes.  However,  if  the  ice 
consists  of  randomly  oriented  crystals  (ice  which  forms  during  the  freexing  of 
water  with  mixing,  during  layer-by-layer  freezing,  during  the  freezing  to¬ 
gether  of  show,  et  al.  },  most  of  it  may  be  regarded  as  ah  isotropic  body. 

Let  us  use  individual  examples  to  illustrate  the  laws  of  deformation. 
When  polycrystalline  ice  is  compressed,  plastic  deformation  or  creep  begins 
after  elastic  deformation.  If  the  pressure  is  relatively  slight  (a  few  kg/cm  ) 
and  the  ice  sample  is  subjected  to  unilateral  uniform  compression,  a  steady 
rate  of  deformation  will  be  established  (fig.  6)  some  time  after  the  application 
of  load  and  then  the  magnitude  of  this  creep  rate  will  be  a  f.ihction  of  pressure 
and  temperature.  In  this  case,  the  creep  rate  may  be  kept  constant  ict  -s  long 
period  of  time  if  the  temperature  as  well  as  the  stresses  in  the  sample  are 
kept  constant.  If  a  high  pressure  operates  after  the  stage  of  steady  creep  is 
established,  a  stage  of  accelerating  creep  or  progressive  flow  will  begin,  in 
which  case  the  creep  rate  will  increase  continuously.  The  higher  the  pressure, 
the  more  rapidly  will  the  stage  of  accelerating  creep  be  established  and  cor¬ 
respondingly  the  stage  of  steady  state  creep  will  decrease.  With  a  pressure 
of  the  order  of  10  kg/cm  and  more,  the  stage  of  steady  creep  practically  dis¬ 
appears  and,  after  some  decrease  of  the  creep  rate  of  the  sample,  the  stage  of 
accelerating  creep  begins  (fig.  7).  The  deformation  (creep  rate)  of  an  icc 
sample  increases  with  increasing  pressure  (Kartashkin,  1947). 

It  should  be  mentioned  in  passing  that  the  stage  of  accelerating 
creep  is  characteristic  of  cases  in  which  the  examined  ice  sample  is  subjected 
to  a  constant  compressive  stress.  Since  the  lateral  dimension  of  a  sample 
increases  during  longitudinal  compression  because  of  latera'  *fxpansion,  in 
cases  where  the  compression  is  produced  by  a  static  load,  there  will  be  a 
certain  reduction  of  the  compressive  stresses  in  the  sample,  which,  in  turn, 
will  reduce  the  compression  rate. 

When  the  pressure  is  increased  above  the  ultimate  strength,  brittle 
fracture  of  the  ice  will  occur. 
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Ice  experiencing  compression  perpendicular  to  the  direction  of  the 
optic  axes  has  a  somewhat  greater  rate  of  deformation  and  a  somewhat  lower 
critical  strength  than  icc  compressed  in  the  direction  of  the  crystal  axes. 

Tensile  strains  of  polycrystalline  ice  (fig.  8)  occur  basically  in 
the  same  manner  as  the  described  compressive  strains  (Kartashkin,  1947). 

The  difference  is  as  follows:  in  the  case  of  compression,  compres¬ 
sive  stresses  act  in  the  shear  plane  increasing  the  cohesion  between  the  mobile 
particles  of  ice,  while  in  the  case  of  tension,  tensile  stresses  act  in  the  shear 
planes,  reducing  cohesion.  As  a  result,  conditions  may  arise  which  promote 
the  relative  shearing  of  the  crystals  and  the  shearing  cf  the  elementary  plates 
in  crystals,  which  as  a  whole  will  reduce  the  strength  of  the  ice.  The  area 
cross- section  of  an  ice  sample  under  tension  decreases;  it  therefore  ennsidn-- 
ably  increases  the  influence  of  the  ice  structure,  the  inhomogeneitics,  and  the 
internal  weaknesses.  The  presence  of  air  pockets,  cracks  or  structural  faults 
in  an  extended  ice  sample  results  in  an  inhomogeneous  stressed  state  at  such 
points  and  increased  tensile  stresses,  which  accelerate  the  deformation  and 
increase  the  chances  that  the  ice  will  break.  Considerable  plastic  deformation 
can  occur  in  monolithic  polycrystalline  icc  when  the  tension  is  smooth  and 
uniform.  However,  the  test  sample  of  icc  may  rupture  even  when  the  dynamic 
effect  is  slight  or  in  the  case  of  vibrations.  Usually  the  tensile  strength  of  icc 
is  considerably  less  than  the  compressive  strength. 

Figure  9  shows  several  curves  which  characterize  the  laws  of  icc 
flexure.  Prismatic  beams,  10  x  10  x  120  cm,  of  ice  with  random  structure 
were  used  for  the  experiments  (Voitkovskii,  1956).  The  beams  were  mounted 
on  two  supports  with  a  span  of  100  cm;  they  sagged  under  their  own  weight  and 
an  additional  load  of  two  weights  was  placed  symmetrically  at  distances  of  15  cm 
from  the  center  of  the  beam  span.  When  the  beam  was  loaded,  at  first  an  in¬ 
tensive  increase  of  deformation  was  observed;  then  the  rate  of  deformation 
gradually  decreased  and  tended  toward  a  constant  value  for  the  given  load  and 
temperature.  The  deformation  may  continue  at  this  rate  over  a  very  long 
period  of  time.  For  example,  fig.  9  shows  a  case  where  the  ice  beam  sagged 
at  an  approximately  constant  rate  over  a  period  of  3000  hours,  i.  e  ,  more  than 
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four  months.  Howovor,  immediatoly  sftor  the  load  had  been  changed,  the  sag 
rate  changed  sharply  and  proved  to  be  a  function  of  the  sise  of  the  acting  load 
and  of  the  load  before  it  was  changed.  Thus,  when  the  weight  is  removed, 
besides  the  "instantaneous"  elastic  decrease  of  sag,  there  is  a  gradual  slow 
decrease  of  sag  which  is  most  pronounced  during  the  first  hour,  but  a  new 
increase  of  sagging  begins  after  1-2  days,  due  to  the  weight  of  the  eampld  it¬ 
self. 


If  the  stressee  in  the  bending  sample  of  ice  exceed  a  certain  limit, 
after  the  stage  of  steady  creep,  a  stage  of  accelerating  creep  begins  which 
results  in  the  rupture  of  the  sani^e. 


Polycrystalline  ice  experiences  considerable  plastic  deformation 
during  steady  bending;  however,  it  breaks  easily  under  a  dynamic  load  and 
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near  the  neutral  axis,  followed  by  rupture  of  the  ice  in  the  extended  zones  and 
by  extrusion  of  the  ice  in  the  compression  sons  (Kartashkin,  1947). 


Figure  10  shows  experimental  curves  of  the  deformation  of  poly- 
crystalline  ice  of  random  structure  in  pure  shear  with  a  subsequent  stepwise 
increase  of  the  tangential  stresses. 


As  can  be  seen  from  the  graph,  immediately  after  the  application  of 
a  shear  force  or  after  the  increase  of  this  force,  there  is  an  intensive  increase 
of  the  shear  strain,  then  the  strain  rate  gradually  decreases  and  approaches 
a  value  which  is  constant  for  the  given  conditions.  The  plastic  deformation  has 
no  critical  lunit  under  small  stresses  and  may  take  place  over  a  very  long 
period  of  time.  For  example,  in  my  experiment  (see  fig.  15),  one  of  the  ice 
tubes  deformed  over  a  period  of  5,  000  hours  under  the  influence  of  a  torque 
which  caused  tangential  stresses  of  1  kg/cm  at  1  C.  Li  this  case,  the  strain 
rate  was  nearly  constant. 

If  the  tangential  stresses  exceed  a  certain  limit,  after  deceleration 
of  the  strain  rate  during  the  initial  period  of  stress  and  after  a  certain  inter¬ 
val  with  an  approximately  constant  rate  of  strain,  the  shear  velocity  begins  to 
increase  gradually  and  may  finally  lead  to  destruction  of  the  deformable  volume 
of  ice. 
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In  the  case  of  a  complex  stressed  state,  the  magnitude  and  rate  of 
shear  strain  ii  a  function  not  only  of  the  tangential  stresses,  but  also  of  the 
magnitude  of  the  nonh^  stresses  in  the  shear  plane.  With  one  and  the  same 
tangential  stress,  the  additional  influence  of  normal  stresses  naay  change  (in-o 
crease)  the  strain  rate  substantially  (fig.  11).  In  other  resects,  the  nature  of 
the  deformation  remuhs  the  same  as  in  the  case  of  pure  shear. 

Shear  strains  form  the  basis  of  any  deformation  during  which  the 
form  of  the  hody  changes.  In  particular,  any  plastic  deformation  of  ice  charac¬ 
terised  hy  a  change  in  the  form  of  the  body  without  destruction  and  change  of 
the  volume  results  from  internal  relative  movements  of  the  ice  particlas.  There¬ 
fore,  the  nature  of  the  plastic  deformation  is  approximately  the  same  during  the 
various  modes  of  deformation,  viz. ,  compression,  tension,  bending,  torsion 
and  the  complex  forms.  The  differences  lie  chiefly  in  the  nature  of  the  destruc¬ 
tion  and  the  magnitude  of  the  critical  strength. 

Folycryslalllne  ice  deforms  under  the  influence  of  thr<'e  t^ictors: 

1)  elastic  and  plastic  deformations  of  the  individual  crystals; 

2}  displacements  of  the  crystals  with  respect  to  each  other; 

3)  destruction  of  the  crystals. 

All  these  factors  are  closely  related  and  influence  each  other.  In 
ice,  rccrystallization  occurs  simultaneously  with  these  factors  and  also  in¬ 
fluences  the  nature  of  the  deformation.  Crystals  oriented  with  their  basal 
plane,  close  to  the  direction  of  shear  and  which,  therefore,  experience  less 
stress  during  the  deformation  process  grow  at  the  expense  of  the  less  favorably 
oriented,  more  heavily  stressed  crystals.  The  individual  over-stressed  crystals 
disintegrate  and  become  crystal  fragments  which  are  unstressed  at  the  beginning 
cf  their  formation,  grow  at  the  expense  of  the  older  stressed  crystals  and  then 
become  stressed  and  deformed  themselves.  Thus,  during  the  deformation  of 
ice  due  to  partial  destruction  of  the  old  crystals  and  rccrystallization,  there 
is  a  partial  re-establishment  of  the  undeformed  state,  a  special  "recovery"  of 
the  ice  structure.  This  is  also  explained  by  the  fact  that  in  a  number  of  cases 
ice  has  practically  no  limits  of  deformation.  At  the  moment  load  is  applied, 
elastic  deformation  begins,  caused  by  the  exceptionally  clastic  deformations 
of  the  ice  crystals.  The  elastic  deformations  of  the  crystals  cause  stresses 
within  the  crystals  and  at  the  contacts  between  crystals,  resulting  in  plastic 
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deformations  of  the  crystals,  relative  shearings  of  the  crystals  and,  in  in- 
dividuid  cases,  in  destruction  (disintegration).  Thus,  plastic  deformation 
begins  immediately  after  the  "instantaaeous  "  elastic  deformations.  At  the 
initial  moment  there  may  be  concentrations  of  stresses  at  individual  points 
of  the  crystals,  then  internal  shearing,  gliding  along  the  crystal  boundaries 
and  disintegration  of  individual  crystals  occur,  which  leads  to  some  internal 
redistribution  of  stresses  and  to  a  partial  balancing  of  the  stresses.  A  re> 
arrangement  of  particles  takes  place,  during  which  the  ice  offers  more  re¬ 
sistance  to  load  because  it  becomes  more  rigid,  as  it  were,  and  this  decreases 
the  rate  of  strain. 


This  strain  hardening  is  accompanied  by  the  breaking  of  bonds  be¬ 
tween  the  elementary  plates  of  the  crystal  and  between  the  individual  crystals, 
and  by  the  disintegration  of  crystals,  which  leada  to  weakealufj  and  ihnx  lo  an 
increased  rate  of  strain;  Thus,  a  load  ind>sces  two  opposite  and  simultaneous 
processes  in  polycrystalline  ice;  the  breaking  of  bonds  and  weakening,  on  the 
one  hand,  and  the  rc-cstablishmentof  bonds  and  strengthening,  on  the  other. 
The  nature  of  the  deformation  is  determined  by  the  prevalence  of  one  or  the 
other  of  these  processes. 


In  the  case  of  slight  shear  stresses  following  instantaneous  deforma¬ 
tion  and  a  reduction  of  the  strain  rate  during  the  first  period  after  the  applica¬ 
tion  of  load,  a  dynamic  equilibrium  is  gradually  established  between  the  cx- 
ternaf  forces  and  the  total  internal  resistance.  The  increased  liardness  of 
the  ice  due  to  the  increased  internal  deformations  is  compensated  by  the  de¬ 
crease  of  hardness  due  to  the  formation  of  particles  of  undeformed  material 
by  disintegration  of  the  individual  crystals,  rccrystallization  and  weakening. 

A  stage  of  permanent  plastic  deformation  begins,  i.  c.,  steady-state  creep, 
which  may  continue  for  an  unlimited  time  as  long  as  the  conditions  of  dcform.a- 
tion,  i.  c. ,  the  temperature,  the  stresses  and  the  ice  structure,  remain  un¬ 
changed.  However,  usually  these  conditions  cannot  remain  unchanged  over 
a  long  period  of  time  and,  therefore,  in  practice  the  stage  of  steady  state 
creep  is  limited  although  it  may  persist  over  a  long  time  period.  Even  when 
the  temperature  and  stresses  arc  constant,  the  orientation  of  the  icc  crystals 
may  change  during  the  deformation  process.  Rccrystallization  results  in  the 
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gradual  formation  of  a  structure  with  main  axes  oriented  along  a  line  pcrpen> 
diciilar  to  the  shear  plane  iShiunskii,  1958)  and  this  increases  the  strain  rate. 

If^the  shear  stresses  exceed  a  certain  limit,  which  we  shall  call 
arbitrarily  "limit  of  prolongcd  creep"  (for  more  details,  see  Chapter  IV), 
either  there  will  be  no  internal  equilibrium  between  the  weakening  and  harden- 
ing'processes  or  it  will  be  short-lived.  Weakening  prevails  over  hardening 
and  there  can  be  no  prolonged  stage  of  steady  creep.  In  this  case,  deformations 
develop  relatively  rapidly  and,  as  a  result,  the  bonds  between  the  elementary 
plates  that  move  with  respect  to  each  other  in  the  ice  crystals  and  between  the 
individual  crystals  break,  the  internal  resistance  of  the  ice  decreases.  In 
individual  cases,  glide  planes  with  wealccned  cohesion  form  in  the  ice,  and  the 
shear  along  these  planes  is  more  intense^  All  this  gradually  increases  the 
deformation  rate,  which  may  eventually  lead  to  the  disintegration  of  the  ice. 


A  in  V2l1u5  o£  thc  ^ctlvc 


change  of  the  deformation  rate.  If  thc  stress  increases  discontiimously  (with 
increasing  load)  during  the  deformation  process,  the  change  of  the  deformation 
rate  will  be  similar  to  the  change  in  the  deformation  rate  described  above 
for  the  initiation  of  stress.  Following  an  instantaneous  discontinuity  of  de¬ 
formation,  i.  e. .  an  elastic  deformation  corresponding  to  a  discontinuity  of 
stresses,  deformation  continues  at  a  decreasing  rate.  Then,  gradually  a  new 
constant  rate  of  deformation  is  established  corresponding  to  the  equilibrium  of 
thc  new  external  forces  and  internal  resistance,  or  the  rate  of  deformation 
increases,  i.  e. ,  accelerating  creep  begins.  A  reduction  of  thc  shear 
stress  causes  .a  reduction  of  the  clastic  deformations  of  thc  crystals,  which 
in  turn  causes  plastic  shearing  in  thc  crystals  and  their  relative  displuccmcnl 
in  a  direction  opposite  that  of  thc  initial  deformation.  This  process  combines 
with  an  increase  of  plastic  deformations  due  to  the  act'ng  (after  reduction) 
stresses.  Thc  result  is  a  quite  complex  type  of  deformation;  at  the  moment 
of  the  reduction  of  stress  there  is  a  somewhat  discontinuous  decrease  of  de¬ 
formation  which  fades  in  time;  then  a  short-term  stabilization  of  deformation 
begins  and  it  increases  again  at  a  rate  which  increases  to  a  value  correspond¬ 
ing  to  thc  stress  acting  after  thc  change. 
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As  a  graf^c  presehtatio;i,  in  fig.  12-we  give  the  curve  of  the 
change  ut:  sag  o£  an  ice  beam  under  successive  loadings  at  various  time  inr 
tervals  (Voitkovskii,  1957).  The  mechanism  ef  the  elastic  aftereffect 
(<lelayed  appearance  of  elasticity)  is  clearly  manifested'here.  It  consists 
in  the  following:  in  addition  to  the  instantaneous  elastic  and  irreversible 
plastic  deformation  after  application  of  load,  over  a  certain  time  interval 
there  is  a  structurally  reversible  deformation  which  disappears  with  time 
after  unloading.  One  might  say  this  delayed,  structurally  reversible  de¬ 
formation  is  intermediate  between  elastic  and  plastic  deformation.  It 
consists  of  the  following:  after  the  load  has  been  applied  and  instantaneous 
elastic  deformation  occurs,  there  is  a  gradual  further  increase  of  elastic 
deformation  of  the  elementary  plates  of  the  crystals  proportional  to  the  re¬ 
lative  plastic  shearings  of  these  plates  and  the  individual  crystals.  Cor- 
respondinoly.  the  elaoHe  r«tre«5eje  in  the  crystal;  UOt  dicuppcur  immudiutsly 
after  the  removal  of  the  load,  but,  rather,  graduidly,  causing  plastic  sheering 
in  a  direction  opposite  that  of  the  initial  deformation. 

One  manifestation  of  the  clastic  aftereffect  is  the  relaxation  of 
stresses  in  ice  during  its  steady  deformation.  In  this  case^  the  elastic  de¬ 
formations  of  the  crystals  gradually  decrease  due  to  increasing  plastic  de¬ 
formation  and,  correspondingly,  the  internal  stresses  decrease  and  the  re¬ 
sistance  of  the  ice  decreases.  As  a  result,  the  force  needed  to  keep  the  ice 
sample  in  a  given  state  of  deformation  will  decrease  with  time.  Figure  13 
shows  relaxation  curves  based  on  the  experimental  data  of  B.  O.  Kartashkin 
(1947).  The  curves  show  the  change  in  force  required  to  maintain  the  initial 
sag  value  of  icc  beams  8  x  12  cm  in  cross  section  with  a  span  of  100  cm,  as 
a  function  of  time  and  initial  load.  These  curves  correspond  to  the  change  in 
stressed  state  of  the  beams  and  reflect  the  general  nature  of  the  relaxation 
of  stresses. 


i 
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The  greatest  reduction  of  stresses,  relaxation,  is  observed  im¬ 
mediately  after  the  icc  deformation  stops  increasing.  Then  the  relaxation 
rate  gradually  decreases.  The  higher  the  initial  stress,  the  faster  the  re¬ 
laxation  in  the  initial  period.  Since  the  elastic  limit  of  polycrystallinc  icc 
is  p;:actically  zero,  during  prolonged  relaxation  the  stresses  will  also  de¬ 
crease  to  approximately  zero. 
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The  plastic  deformation  of  poiycrystalline  ice  is  connected  with 
the  partial  bfeidiing  of  the  intern^  bonds  of  the  crystals  and  the  bonds  between 
crystals.  Therefore,  it  does  not  always  occur  smoothly.  K.  E.  Ivanov  and 
V;  V.  Lavrov  (1950)  noted  that  during  the  bending  of  samples  of  polycrystal¬ 
line  ice  the  deformation  increased  discontinuously,  accompanied  periodically 
by  a  peculiar  scraping  sound.  However,  we  did  not  observe  discontinuities 
in  our  experiments  (Voitkovskii,  1957)  where  considerably  larger  samples 
were  used.  Evidently,  discontinuities  of  deformation  can  appear  only  during 
the  deformation  of  small  ice  samples.  The  ^rtial  breaking  of  bonds  in  one 
crystal  may  have  a  perceptible  influence  oh  the  deformation  of  the  entire  sample. 
Ih  large  samples  of  polycryst^ine  ice,  the  individual  discontinuities  will 
hot  be^apparent  in  the  overall  deformation  of  the  sample  and  the  deformation 
will  actually  be  very  smooth  due  to  the  total  effect  of  a  large  number  of  minute 
discontinuities.  The  author  also  assumes  that  the  discontinuous  nr.iurc  of  thi: 
deformation  may  be  perceptible  in  cases  where  irregular  shear  stresses, 
exceeding  the  limit  of  prolonged  creep  at  individual  points,  occur  in  the  defor¬ 
mable  ice  mass.  Then,  at  points  of  increased  stresses,  conditiohs.may  favor 
a  progressive  flow  which  will  bring  about  an  abrupt  redistribution  of  the  inter¬ 
nal  stresses  and,  possibly,  a  discontinuous  change  of  the  deformation  rate. 

All  these  questio.hs  require  further  experimental  verification. 

Recently,  P.  A.  Shumskii  (1958)  developed  a  new  theory  of  the 
mechanism  of  icc  straining  and  rccrystallization  based  on  the  data  of  crystal¬ 
lographic  investigations  of  ice,  firn  and  snow  samples  which  had  been  strained. 
According  to  his  theory,  six  different  mechanisms  of  icc  straining  can  be 
distinguished  on  the  basis  of  structure,  the  matjnitudc  of  the  tangential  and 
normal  stresses  and  temperature.  The  first  >je  strain  mechanism  consists 
in  slow  shearing  parallel  to  the  basal  planes  of  the  crystals.  In  this  case  no 
structural  changes  of  the  icc  are  observed.  l!hc  second  mechanism  is  one 

whereby  the  mass  of  poiycrystalline  icc  flow,  v  slowly  under  the  influence  of 

2 

a  tangential  stress  less  than  I  kg/cm  and  the  intragranular  slip  along  the 
basal  planes  accompanied  by  a  slight  distortion  and  other  lattice  disturbances 
caused  by  a  slow  migratory  rccrystallization  of  the  icc  and  by  an  ordering  of  the 
structural  orientation  (a  structure  forms  with  an  orientation  of  the  main 
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ax«s  p«rp«ndicuUr  to  the  shear  plane).  In  the  third  mechanism,  with  a 
high  rate  of  How,  the  intragranular  slip  is  accompanied  by  curvature  (dis¬ 
tortion)  and  crystal  lattice  disturbances,  by  disarrangement  of  the  structure 
of  heavily  stressed  crystals  and  by  recrystaUisation.  The  fourth  mechanism 
is  one  in  which  a  further  increase  of  load  and  the  strain  rate  with  breaking 
and  partial  destruction  of  the  crystal  bonds  is  accompanied  by  intragranular 
slip,  reduction  of  crystal  size  and  the  formation  of  random  structure  in  the 
shear  zone.  The  fifth  mechanism  coihpriues  the  ice  straining  which  takes 
place  at  low  pressures  due  to  large  tangential  stresses  (10  kg/cm^  and  more); 
shearing  causes  crack  formation,  slipping  along  the  planes  of  fracture  and 
disintegration  of  the  ice.  The  sixth  mechanism  is  one  in  which  the  straining 
occurs  under  great  pressure  and  at  high  temperatures;  there  is  partial 
internal  melting  of  the  ice  due  to  tlte  heat  of  friction.  foMo_-Af»  K.. 
snd  the  formation  of  the  so-called  blue  bands. 

This  classification  of  the  ice  strain  mechanisms  allows  one  to 
draw  a  clearer  picture  of  the  physical  essence  of  the  laws  of  ice  deformation 
and  the  specific  nature  of  the  mechanical  properties  of  ice. 


CHAPTER  m 

THE  ELASTIC  PROPERTIES  OF  ICE 

At  has  already  been  noted,  the  elastic  liniit  of  ice  is  cloee  to 
sero  and  ordinarily  the  elastic  properties  appear  together  with  the  plastic. 
Consequently,  it  is  difficult  to  deternnine  the  exact  value  of  the  various 
factors  which  characterize  the  elastic  properties  of  ice  (the  elastic  modulus 
E,  the  shear  modulus  G  and  Poisson's.ratio  p). 

When  the  load  acting  upon  the  ice  U  changed,  three  different  types 
of  deformation  appear:  1)  elastically  reversible  instantaneous  deformation, 

2)  irreversible  deformation,  i.  e. ,  creep  and  3)  the  slowly  reversible  de¬ 
formation  of  the  aftereffect.  Actually,  this  division  is  arbitrary,  s*nco  all 
three  types  of  deformation  are  interrelated  and  there  are  no  shai.p  boundaries 
between  them.  This  is  especially  true  of  the  aftereffect.  The  initial  stage 
of  the  aftereffect  deformation  begins  immediately  after  the  instantaneous 
elastic  deformation  and  is  usually  recorded,  as  elastic  deformation.  The 
next  stage,  however,  is  part  of  the  total  or  overall  creep  value.  Since  the 
rate  of  increase  of  the  aftereffect  is  greatest  immediately  after  the  load  is 
changed,  the  "initial"  elastic  deformation  of  the  ice  which  we  have  observed 
will  be  a  function  of  the  rate  of  application  of  load,  to  u  considerable  extent, 
and  the  time  interval  between  the  application  of  load  .-md  the  measurement  of 
strain.  Here,  time  periods  of  even  tenths  of  a  second  may  exert  an  influence 
(Donchenko  and  Shul'man,  1949).  Correspondingly,  when  the  clastic  and  siiuar 
moduli  arc  determined  experimentally,  their  values  may  also  depend  on  the 
rate  of  application  of  load  and  the  duration  of  loading.  This  is  also  one  of  the 
reasons  for  the  considerable  discrepancies  in  the  quantitative  valueic  of 
the  parameters  that  characterize  the  elastic  properties  of  ice. 

TH.g  ELASTIC  MODULUS 

The  modulus  of  elasticity  characterizes  the  resistance  of  ice  to 
elastic  deformation  in  tension  or  compression.  If  a  cube  of  ice  is  subjected 
to  unilateral  compression,  its  relative  elastic  compression  <  may  be  expres¬ 
sed  by  the  formula: 
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where  ir  is  the  normel  stress;  E'is  the  elastic  modulus,  which  is  the  pro¬ 
portionality  factor  connecting  the  normal  stress  and  the  relative  compres¬ 
sion. 

In  tension,  the  elastic  modulus  is  also  the  coefficient  which  con¬ 
nects  the  normal  tensile  stress  with  the  relative  elongation.  Two  methods, 
the  static  and  dynamic,  are  used  to  determine  the  elastic  modulus  of  ice, 
Essentially,  the  static  method  is  the  measurement  of  strain  after  the  applica¬ 
tion  of  load,  when  testing  ice  samples  in  compression,  tension  or  flexure. 

The  dynamic  method  is  based  on  the  calculation  of  the  elastic  modulus  on  the 
basis  sf  mcasuremciita  of  ihe  rate  of  propagation  of  elastic  vihrationc-  in  ice. 

As  Veinberg  (1940)  pointed  out,  the  first  experiments  for  det'^r- 
mining  the  elastic  modulus  of  icc  were  made  at  the  beginning  of  the  19th  cen¬ 
tury  by  Young  (1820)  and  Bevan  (1824).  l-ate.r,  experiments  of  this  type  w.*i'>j 
conducted  by  numerous  other  investigators.  Tables  1  and  2  summarize  the 
results  of  the  principal  experiments.  As  the.^ta  show,  the  values  of  the 
elastic  modulus  of  icc  may  vary  Vvithin  quite  broad  limits.  The  greatest 
variations  arc  observed  when  the  static  method  is  used.  The  variations  arc 
smaller  when  the  dynamic  method  is  used,  but  the  average  value  of  the  clas¬ 
tic  modulus  is  higher.  This  may  be  explained  as  follows:  when  the  static 
method  of  investigation  of  ice  strain  is  used,  the  deformation  is  not  measured 
at  the  moment  the  load  is  applied  but  after  a  certain  time  interval.  Ordinarily, 
this  interval  is  small,  a  matter  of  seconds,  but  this  is  sufficients  to  permit  a 
perceptible  creep  deformation  of  the  ice  (chiefly  due  to  the  aftereffect)  to¬ 
gether  with  an  clastic  deformation  which  begins  immediately  after  the  applica¬ 
tion  of  load.  As  a  result,  the  eiastic  modulus  determined  by  the  measurement 
of  total  deformation  docs  not  characterize  the  resistance  of  ice  to  instantaneous 
elastic  deformation,  but  characterizes  Ih®  resistance  of  ice  to  reversible  de¬ 
formation  after  a  specific  time  interval. 
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The  greater  the  tension  caused  by  the  load,  the  more  substantial 
will  be  the  role  played  by  the  creep  component  of  the  deformation.  The  in¬ 
stantaneous  elastic  deformation  may  be  regarded  as  directly  proportional  to 
the  magnitude  cf  the  stress,  but  the  creep  rate  increases  considerably  more 
intensively  with  an  increase  of  stresses,  approximately  proportional  to  the 
square  of  the  stress  (see  Chapter  IV).  Therefore,  the  magnitude  of  ice  de> 
furtnation  measurable  after  a  specific  time  interval  following  the  application 
of  load,  say  after  5-10  seconds,  will  not  increase  linearly  with  increasing 
stresses,  but  will  increase  more  intensively.  The  elastic  modulus  calculated 
on  the  basis  of  strain  measurements  should  decrease  correspondingly  as  the 
stresses  increase.  This  has  been  confirmed  by  experiments.  For  example, 
the  data  of  V.  N.  Pinegin  (1927)  show  that  the  elastic  modulus  of  river  icc  in 
compression  (at  -3°C)  decreases  with  increasing  stresses  as  follows: 


Stress,  kg/cm  1.07  -  3.  75  3.  75-6.44  11.80-14.48  17.16-19.84 

Elastic  modulus, 

X 10^  kg/cm^  37.5  13.  7  6.0  3.4 


Our  experiments  showed  a  similar  picture.  We  determined  the 
elastic  modulus  on  the  basis  of  mc.aiuirnments  of  the  flexural  strain  of  pris- 
matic  icc  beams  10  x  10  x  120  cm.  Figure  9  gives  a  schematic  view  of  the 
apparatus  and  the  loading  of  the  beams.  The  experiments  were  designed  to 
study  the  plastic  properties  of  ice  and  we  inv'estigated  chiefly  the  long-term 
plastic  deformations.  However,  in  passing  we  measured  the  deformations 
which  occurred  after  the  application  of  load.  The  first  reading  w’as  made 
5-10  seconds  aftc*"  the  application  of  load,  then  after  1,  5,  10  and  30  minutes, 
and  further  after  longer  time  intervals.  Similar  measurements  of  the  de¬ 
formation  were  made  after  the  magnitude  of  the  load  had  been  changed.  The 
clastic  modulus  was  calculated  un  the  basis  of  the  first  mcas>ircmcnt  of  sag 
after  the  application  of  load  or  the  change  of  load,  according  to  formula: 


a^(3f-a) 


ZZ^P 

E 
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where  AP  i>  the  change  in  magnitude  of  loading  of  the  beam  in  kg,  A  6  is  the 
discontinuity  of  the  sag  value  caused  by  the  change  in  load  in  cm,  i,  a  and  J 
are,  correspondingly,  the  span  of  the  beam,  the  distance  between  weights  and 
the  moment  of  inertia  of  the  cross  section  of  the  beam. 

Table  3  shows  the  results  of  one  series  of  experiments.  Three 
beams  were  tested  simultaneously.  Beams  1  and  2  were  cut  from  ice  of  reg¬ 
ular  structure,  which  had  formed  during  the  calm  freezing  of  water  in  an  open 
reservoir,  and  beam  1  was  tested  such  that  the  axes  of  the  crystals  were  hor¬ 
izontal,  perpendicular  to  the  plane  of  flexure  (OXf  and  OXi),  while  beam  2  was 
tested  such  that  the  axes  of  the  crystads  were  vertical  (Oil  f).  Beam  3  was  cut 
from  ice  of  random  structure  frozen  from  a  mixture  of  pieces  of  ice,  snow  and 
water.  Predetermined  weights  were  placed  on  the  beams,  the  beams  deformed 
plastically  for  a  long  period  of  time  and  then  the  weights  were  removed.  After 
several  days  the  last  stage  of  loading  was  applied  to  the  beams.  It  should  be 
noted  thac  the  decrease  of  deformation  upon  removal  of  the  weights  corresponded 
approximately  to  the  increase  of  deformation  upon  application  of  the  loads,  i.  c.  , 
the  values  of  the  elastic  modulus  during  loading  and  unloading  were  nearly 
identical,  despite  the  considerable  plastic  deformations  which  occurred  during 
the  period  between  loading  and  unloading.  From  the  data  given  one  can  sec  that 
the  magnitude  of  the  elastic  modulus  is  determined  basically  by  the  size  of  the 
load  (the  stress)  and  decreases  as  the  load  is  increased.  However,  a  diff&rooco 
in  icc  structure  and  the  direction  of  the  crystal  axes  with  respect  to  the  action 
of  the  forces  did  not  cause  any  substantial  difference  in  the  obtained  values  of 
the  elastic  modulus. 

According  to  the  data  of  V.  P.  Berdennikov  (19*18),  the  elaetic 
modulus  of  icc  is  a  function  of  the  icc  temperature  and  decreases  as  the  tcm]>cra- 
turc  increases  (at  -40°C,  E  =  95  x  10^  kg/cm^;  at  -2°C,  E  =  90  x  10^  kg/cm^). 

The  salinity  of  icc  increases  the  temperature  dependence  of  the  clastic  modulus, 
in  this  case  the  decrease  of  the  clastic  modulus  of  salty  icc  compared  witli  pure 
icc  is  a  function  of  the  liquid  content  in  the  form  of  brine  colls. 

With  frequent  repeated  loading  and  unloading,  the  clastic  modulus 
of  icc  increases  with  the  number  of  loadings  (Pinegin,  1927;  Kartashkin,  19*17), 
and  the  rate  of  increase  of  the  modulus  decreases  as  the  number  of  loadings  is 
increased  (table  *1). 
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The  elastic  modulus  of  ice  depends  essentially  on  density  of 

the  ice  and  decreases  with  decreasing  density,  e.  g.  ,  N'akaya's  (1958)  data 

t  Z 

show  the  elastic  modulus  of  ice  of  density  0.  910-0.  914  to  be  90  x  10  kg/cm  , 

while  ice  of  density  0.  900  has  an  elastic  modulus  ox  only  (70-80)  x  10  kg/cm 

3  2 

and  ice  of  density  0.  700  a  modulus  of  40  x  10  kg/cm  . 

Generalizing  the  results  of  the  investigations,  Veinberg  (1940) 

considered  the  elastic  modulus  of  ice  to  be  (70-80)  x  10'^  kg/cm**.  Later, 

Kartashkin  (1947),  on  t!  basis  of  numernuo  experiments,  established  that  the 

elastic  modulus  in  compression,  tension  and  flexure  at  temperatures  from  -5° 

to  -16°C  is,  on  an  average,  40  x  10^  kg/cm^.  At  the  same  time,  Berdennikov 

(1948),  having  determined  the  modulus  by  the  acoustic  method  considered  it  to 
3  2 

be  90  X  10  kg/cm  for  monolithic  ice. 

Analyzing  these  recommended  values  for  the  elastic  modulus  of  ice 
and  also  keeping  in  mind  the  results  of  experimental  determinations  reported 
above  (in  tables  1  and  2),  we  came  to  the  following  conclusions: 

1.  The  elastic  modulus  of  ice  is,  to  a  certain  extent,  indetermin¬ 
able,  because  it  is  very  difficult  to  distinguish  the  purely  elastic  deformation 
of  ice. 

Elastic  deformations  arc  those  deformations  of  a  body  which 
disappear  after  the  forces  which  caused  the  deformation  have  been  removed, 
i.  c. ,  they  arc  reversible  deformations.  The  theory  of  elasticity  contends  that 
the  deformation  occurs  at  the  moment  the  load  is  applied  and  disappears  com¬ 
pletely  when  the  load  is  removed.  However,  the  clastic  aftereffect  is  strongly 
manifested  in  ice  and  the  reversible  part  of  the  deformation  does  r.ot  occur 
immediately  after  the  application  of  load,  but  increases  over  a  certain  period 
of  time.  Correspondingly,  when  the  load  is  removed  that  part  of  the  deforma¬ 
tion  docs  not  disappear  immediately.  Therefore,  the  magnitude  of  the  clastic 
(reversible)  deformation  of  ice  is  a  function  (in  contrast  to  the  deformation  of 
clastic  bodies)  of  the  duration  of  loading.  Correspondingly,  the  clastic  modulus 
of  ice,  which  characterizes  the  relationship  between  the  magnitude  of  the  defor¬ 
mation  and  the  load,  will  also  be  a  function  of  time 

2.  If  by  clastic  deformation  of  ice  we  mean  only  that  part  of  the 
reversible  deformation  which  occurs  instantaneously  (at  the  speed  of  sound)  at 
the  moment  the  load  is  applied,  the  clastic  modulus  should  be  determined  only 
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by  dynaunic  methods  of  investigation.  In  such  a  case,  the  most  reliable  value 
of  the  elastic  modulus  of  ice  will  be  E  «  90,  000  kg/cni  .  It  is  recommended 
that  this  value  be  used  in  calculating  the  elastic  deformation  of  ice  under 
dynamic  loading. 

3.  When  the  loading  effect  is  quite  prolonged,  somt-times  it  is  ex¬ 
pedient  to  take  the  value  of  the  reversible  deformation,  which  occurs  duiing 
the  first  seconds  after  the  load  is  applied  and  which  is  a  more  realistically  per¬ 
ceptible  value,  as  the  initial  elastic  deformation.  For  calculations  of  the  value 
of  such  deformation  in  compression,  tension  or  flexure,  the  value  E  -  40,  000 
kg/cm  may  be  taken  as  the  elastic  modulus  of  ice.  and  in  this  case  one  should 
consider  the  above-mentioned  relationship  of  this  value  to  the  stresses  and 
other  factors. 


THE  SHEAR  MODULUS 

The  shear  modulus  characterizes  the  resistance  of  ice  to  shc-tring 

strain. 

If  an  elementary  cube  is  removed  from  a  mass  of  deformable  ice, 
its  angular  strain  y  ,  in  agreement  with  the  theory  of  elasticity,  may  be  ex¬ 
pressed  by  the  formula; 


Y 


(3) 


where  r  is  the  tangential  stress  and  G  the  shear  modulus. 

As  in  the  case  of  the  clastic  modulus,  static  and  dynamic  methods 
arc  used  to  dcterininc  the  shear  modulus.  The  most  frequently  used  static 
method  consists  in  testing  cylindrical  or  prismatic  ice  samples  in  torsion, 
since  in  this  case  conditions  are  created  for  pure  shear. 

Tabic  5  shows  some  results  of  experiments  for  determining  the 
shear  modulus  of  ice.  The  reasons  for  the  considerable  discrepancies  in  the 
values  obtained  arc  basically  the  same  as  those  which  arise  in  determining  the 
clastic  modulus. 

By  analogy  with  the  recommended  values  of  the  clastic  modulus, 
we  propose  the  following  values  be  accepted  for  the  shear  modulus  of  ice: 
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a)  for  calculating  the  elastic  deformation  during  dynamic  loading, 
G  »  (30-34)  X  10^  kg/cm^; 

b)  for  calculating  the  initial  deformation  during  prolonged  loading 
(deformation  occurring  during  the  first  few  seconds  of  application  of  load), 

G  *  15  X  10^  kg/cm^. 


POISSON'S  RATIO 

The  coefficient  of  transverse  deformation,  or  Poisson's  ratio,  is 
the  ratio  of  the  transverse  deformation  to  the  longitudinal  deformation  of  a 
sample  when  compressive  (or  tensile)  forces  are  applied  to  the  sample  and 
when  the  dimensions  of  the  sample  may  change  freely  in  transverse  directions. 

In  the  case  of  elastic  deformation,  Poisson's  ratio  is  v.cnnectcd 
with  the  elastic  modulus  and  the  shear  modulus  by  the  following  relation. 


_E 

2G 


-  1  . 


(4) 


V.  N.  Pinegin  (1927)  has  made  the  only  direct  measurements  of 
Poisson's  ratio  for  ice.  Veinberg  (1940),  on  the  basis  of  an  analysis  of  the  re¬ 
sults  of  these  measurements  and  on  the  basis  of  a  com]>arison  of  the  propaga¬ 
tion  velocities  of  longitudinal  and  transverse  vibrations  in  ice  and  also  by  a 
comparison  of  the  clastic  and  shear  moduli  values  drawn  from  the  data  of  varluus 
investigations,  established  that  the  value  of  the  Poisson  ratio  closest  to  reality 
is  p  =  0.  36  -  0. 13. 

The  considerable  variations  of  the  possible  values  of  Poisson's  ratio 
may  be  explained  in  part  by  the  fact  that  the  clastic  deformation  of  ice  takes 
place  in  conjunction  with  plastic  deformation  and  that  it  is  difficult  to  distinguish 
purely  elastic  deformation.  The  plastic  deformation  is  characterized  by  a 
change  in  the  form  of  the  ice  sample  without  a  change  of  its  volume,  thus  Pois¬ 
son's  ratio  for  pure  plastic  deformation  is  0.  5.  Consequently,  when  the  load 
is  increased,  when  the  plastic  deformations  appear  more  rapidly,  Poisson's 
ratio  will  increase  to  a  ccrt.nn  extent.  Further,  the  anisotropy  of  ice  also 
affects  the  value  of  Poisson's  ratio. 
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B.  D.  Kartashkin  (1947)  considers  that  Poisson's  ratio,  on  an 
average,  is  0.  34  for  ice  in  the  temperature  range  -5°C  to  -16°C.  He  bases 
his  value  on  his  experimental  determinations  of  the  value  of  the  elastic  and 
shear  moduli. 

B.  A.  Savel'ev  (1953)  recommends  that  the  value  0.  36  be  taken 
for  Poisson's  ratio  in  calculations. 
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CHAPTER  IV 


THE  CREEP_6f  ice 

Creep  i«  the  term  used  to  define  slow  aiid  steadily  increasing  de¬ 
formation  of  a  material  under  the  influence  of  constant  forces  or  stresses. 
Creep  deformation  in  ice  is  irreversible  (plastic)  and  is  often  regarded  as 
slow  flow. 

The  creep  process  is  associated  with  continuous  changes  of  form 
without  change  of  volume  and  occurs  only  in  presence  of  shear  stresses,  be¬ 
cause  only  dehsification  occurs  under  uniform  hydrostatic  compression. 
Therefore,  the  basic  laws  of  creep  are  given  first  for  the  case  of  pure  shear. 

CREEP  IN  PURE  SHEAR 


Figure  14  shows  characteristic  creep  curves  of  pniy.-rystallint*. 
ice.  Iii  all  cases,  elastic  deformation  y  ^.jastic  place  at  the  moment  the 

shearing  force  is  applied  and  creep  deformation  y  j.j.ggp  begins;  in  the  initial 
period  the  creep  rate  gradually  decreases  to  a  value  which  is  a  function  of 
the  value  of  the  shear  stresses. 


In  the  case  of  small  stresses  a  constant  rate  of  creep  is  subsequently 
established,  i.c. ,  the  stage  of  steady-state  creep  which  may  continue  for  an 
indefinite  period  of  time  (providing,  of  course,  that  the  stresses,  temperature 
and  conditions  of  deformation  arc  constant  and  lie  within  certain  limits  where 
the  change  in  utructurc  and  orientation  of  the  ice  crystals  may  be  neglected). 
When  the  stresses  increase,  the  rate  of  steady  creep  increases  and,  correspon¬ 
dingly,  possibilities  arise  for  a  more  rapid  change  of  the  ice  structure,  which, 
in  turn,  may  change  the  rate  of  deformation.  Therefore,  when  the  stresses 
increase,  the  stage  of  steady  creep  becomes  limited  in  time  and  passes  into  the 
stage  of  accelerating  creep.  The  greater  the  stress,  the  shorter  the  time  inter¬ 
val  of  steady  creep  and  the  sooner  accelerating  creep  begins.  Finally,  when  the 
stresses  exceed  a  certain  limit,  the  distinct  segment  of  steady-state  creep  dis¬ 
appears. 

In  this  case,  after  a  smooth  decrease  of  the  creep  rate  during  the  in¬ 
itial  period  to  a  minimum  velocity,  the  creep  rate  begins  to  increase  gradually, 


becoming  progressive  How,  and  this  sets  in  the  more  rapidly  the  greater  the 
stress. 

One  may  judge  the  validity  of  the  general  laws  of  ice  creep  given 
above  by  the  experimental  creep  curves  shown  in  figure  15,  obtained  from 
long-term  ex^riments  on  the  torsion  of  cylindrical  ice  samples  (Voitkovskii, 
1957).  Hollow  ice  cylinders  800  mm  long,  with  an  outer  diameter  of  120  mm 
and  an  inner  diuneter  of  78  mm,  consisting  of  artificially  frozen  poJycrystalline 
ice  were  used  in  the  experiments.  In  torsion  the  stresses  were  quite  uniform 
in  all  the  cross  sections  of  the  tubes,  which  permitted  us  to  calculate  the. mag¬ 
nitude  of  the  relative  shear  deformation  and  to  establish  the  quantitative  re¬ 
lationship  between  the  magnitude  and  rate  of  shear  and  the  value  of  the  tangen¬ 
tial  stresses  on  the  basis  of  the  angular  strain  of  the  tubes.  The  experiments 
were  conducted  at  a  constant  temperature  and  over  a  sufficiently  long  period 
of  time.  As  is  evident,  with  stresses  less  than  2  kg/cm  In  all  cases  uw  ap¬ 
proximately  constant  creep  rate  was  established  after  50-100  hours  following 
the  application  of  load.  Individual  experiments  lasted  up  to  5,  000  hours  and 
even  after  such  a  long  time  interval  there  was  no  tendency  toward  an  increase 
of  the  creep  rate. 

2 

With  a  stress  of  2  kg/cm  ,  a  constant  creep  rate  was  established 

after  70  hours,  but  after  200  hours  (at  a  temperature  of  -1,8°  C)  the  creep 

2 

rate  began  to  increase  gradually.  /ith  a  stress  of  3  kg/cm  there  was  no 
clearly  defined  straight-line  segment.  Dtiring  the  initial  30  hours,  the  creep 
rate  gradually  decreased  and  then  began  to  increase. 

For  convenience  in  some  of  the  conclusions  which  follow,  the  author 
has  used  the  term  "the  limit  of  prolonged  creep"  or  to  indicate  the  stress 
above  which  prolonged  creep  at  a  constant  rd'te  is  no  longer  possible.  In  pas¬ 
sing,  it  should  be  mentioned  that  this  limit  is  somewhat  arbitrary,  since  there 
is  no  clear  stress  limit  to  define  the  conditions  which  would  permit  prolonged 
steady-state  creep,  on  the  one  hand,  and  transition  to  the  stage  of  accelerating 
creep  without  the  stage  of  steady-state  creep,  on  the  other.  A  quite  prolonged 
stage  of  steady-state  creep,  which  then  became  accelerating  creep,  wan  obser¬ 
ved  in  a  certain  range  of  stresses.  Furthermore,  even  in  absence  of  the  steady 
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creep  stage,  with  a  transition  from  the  initial  stage  of  decelerating  creep  to  the 
stage  of  progressive  flow  (characterized  in  figure  14  by  a  bend  in  the  curve  t^), 
there  was  a  segment  where  the  creep  rate  changed  comparatively  little  and 
during  short-term  experiments  this  is  sometimes  erroneously  assumed  to  be 
steady  creep. 

In  this  connection,  it  has  been  proposed  that  the  limit  of  prolonged 
creep  should  be  the  stress  at  which  there  is  a  clearly  defined  stage  of  steady- 
creep  lasting  at  least  as  long  as  the  initial  stage,  namely,  the  stage  of  decelera¬ 
ting  creep  (of  the  order  of  100  hours),  i.  e. ,  when  the  tendency  toward  an  in¬ 
crease  of  the  creep  rate  may  not  appear  sooner  than  200  hours  after  the  begin¬ 
ning  of  the  deformation  (with  constant  stresses  and  temperature). 

According  to  my  experimental  data,  the  limit  of  prcicnged  creep 
Tp  of  ice  is  as  follows:  approximately  1.  6  kg/cm^  at  -1.  2°C  (Voiikovskii,  195- 
approx.  2  kg/cm^  at  -1. 8°C  (see  the  creep  curve  for  t  -  2  kg/cm^  in  fig.  15) 
and  3  kg/cm^  at  -4°C  (see  fig.  16). 

Figure  16  shows  the  character  of  the  change  in  the  rate  of  steady 
creep  as  a  function  of  the  stress  value.  The  shear- rate  values  taken  here  as  the 
basis  for  the  experimental  works  of  the  author  on  the  torsion  of  ice  cylinders 
with  a  stepwise  increase  of  stresses  are  as  follows:  for  curve  1,  values  taken 
from  an  earlier  published  work  ( VoilkovsKii,  1957);  for  curve  2,  the  values  from 
table  6  (ice  cylinder  No.  3).  In  figure  16a,  where  the  experimental  data  are 
plotted  against  the  corresponding  values  of  tangential  stresses,  it  is  evident 
that  the  rate  of  shear  is  small  when  the  stresses  are  small.  When  the  stresses 
increase,  the  rate  of  shear  also  ineveases,  at  first  smoothly  and  then  quite 
abruptly.  When  these  values  arc  plotted  on  a  double  logarithmic  scale  (fig.  16b), 
the  points  lie  fairly  well  along  straight  lines.  This  means  that  the  rclation.-;hip 
between  the  steady  rate  of  creep  and  the  value  of  the  tangential  stress 
with  constant  temperature  may  be  defined  by  the  equation 


•» 


= 


(5) 
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tezmemaaaamsta'UftQiae 


where  end  n  ere  conctent  fectore  (in  the  given  case,  n  =  Z-2.  2;  in  other 
experiments  by  Voitkovskii  the  n-velue  for  ice  of  random  structure  varied 
from  1. 6  to  2. 2). 

Gerrerd,  Perutx  and  Roch  (1952)  first  proposed  an  equation  of 

this  type  for  ice  on  the  basis  of  measurements  of  the  vertic~«.l  distribution  of 

flow  velocities  in  a  glacier.  They  used  the  following  values  for  the  constants; 
-8 

n  =  1.  5  and  k^  =  10  ,  where  the  stress  is  measured  in  bars  and  the  rate  of 

shear  y  li*  seconds. 

a 

Glen  (1952,  1955)  used  a  similar  equation.  He  established  that  in 
the  case  of  unilateral  compression  of  cylindrical  samples  of  fine-grained  poly- 
crystalline  ice,  the  ratio  of  the  minimum  strain  rate  c  observed  during  the 
experiment  and  the  stress  value  (within  the  limits  1-10  kg/cm  )  is  e.'cpressod 
by  the  formula 


ktr 


(6) 


where  n  -  3.  2-4. 

Glen's  values  of  n  are  frequently  cited  these  days  in  glaciological 
literature,  but  one  must  remember  that  they  are  too  high  to  be  representative 
of  the  prolonged  steady  creep  of  ice.  In  most  of  Glen's  experiments  the  stres¬ 
ses  exceeded  the  limit  of  prolonged  creep  and  there  was  no  stage  of  steady 
creep,  while  Glen  compared  minimum  rates  of  deformation  without  considera¬ 
tion  of  the  character  of  the  creep  curves. 

For  small  stresses,  the  minimum  rate  corresponds  to  the  rate  of 
steady  creep,  but  for  stresses  exceeding  the  limit  of  prolonged  creep  it  merely 
characterizes  the  transition  from  the  decelerating  creep  in  the  initial  period 
of  stress  to  progressive  flow.  Therefore,  it  is  doubtful  whether  the  laws  of 
change  of  the  minimum  creep  rate  would  remain  identical  both  cases.  One 
can  sec  this  b*,  examining  the  logarithmic  relationship  (fig.  16}  between  the 
rate  of  shear  and  the  stresses,  where  one  may  see  that  the  straight  lines  tend 
to  bend  upward  at  stresses  near  the  limit  or  prolonged  creep,  which  indicates 
an  increase  of  the  n-value  at  these  stresses.  This  also  follows  from  a 
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comparison  of  the  experimental  creep  curves  given  in  figure  15.  For  example, 

2  —5 

a  comparison  of  the  rate  of  steady  creep  when  t  -  1.  0  kg/cm  (y  ^  1.5  x  10~ 

2  *5 

l/hr)  with  a  minimum  creep  rate  when  t  -  3  kg/cm  (y  *  50  x  10"  l/hr)  will 
show  that  the  minimum  shear  rate  increased  more  than  30-fold  with  a  3>fold 
increase  of  stress,  i.  e. ,  approximately  proportional  to  the  cube  of  the  stress, 
which  corresponds  to  the  n-value  determined  by  Glen. 

When  temperature  is  taken  into  consideration,  tue  relationship  be¬ 
tween  the  steady  rate  of  creep  of  polycrystalline  ice  in  pure  shear  and  the 
value  of  the  tangential  stresses  is  defined  by  the  equation  (Voitkovskii,  1957} 


K  n 
Voo  '  TT~r  ^ 


(7) 


where  6  is  the  temperature  of  the  ice^n  °C  without  the  minus  sign};  K  and  n 
are  factors  dependent  upon  the  ice  structure  (for  ice  of  random  ctructuie. 
n  -  1.  6-2.  2  and  K  =  (1. 6-4)  x  10^  *  degree/kg'*  ’  hr. 

This  latter  equation  is  obtained  from  the  relationship  between  the 
strain  rate  and  the  temperature,  if  the  y^  value  from  formula  (5)  is  substi¬ 
tuted  for  y  and  if  K  -  (1  +  6  )k  . 

•  o  o  o 

The  increase  of  the  deformation- value  during  the  creep  process, 
with  considcrtition  of  the  initial  stage  may  be  expressed  by  the  empirical  for¬ 
mula  (Voitkovskii,  1957) 


Y  “Vi  "tv  t  +  Y  l'- 

^  t  ’  elastic  *00  '00  o 


(8) 


where  Y  total  deformation  after  .any  time  interval  t  (in  hours)  following 

the  application  of  forces  (the  beginning  of  the  effect  of  shear  stresses);  y 
is  the  clastic  deformation;  t  is  the  time  from  the  moment  of  application  of  load 
in  hours;  t^.J»,  ni  arc  empirical  coefficients  (in  the  described  experiments  they 
have  the  following  values:  t^  -  30-100  hours;  a  »  0.  5;  m  =  0.  5-1.  0). 

In  this  formula  the  total  deformation  is  expressed  as  the  sum  of 
the  clastic  and  cr*’ep  deformations  and  the  creep  deformation  is  arbitrarily 
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dividrtd  Into  two  components:  steady  creep  (the  second  term)  and  trantiont 
creep  (the  third  term).  Figure  17  depicts  the  division  of  the  total  duform.'ition 
into  the  indicated  components.  The  creep  rate  ^n  the  Initial  period  after 
loading  may  be  expressed  as  the  time  derivative  of  equation  (8) 


Yt  =  Ya 


amt. 


(I  >  *t)" 


For  the  case  where  the  shear  streseus  exceed  the  limit  of  pro¬ 
longed  creep,  thus  far  we  have  not  been  able  to  establish  the  quantitative  re¬ 
lationship  between  the  creep  rate,  the  stress  value  and  time  because  under 
such  circumstances  the  creep  rate  is  variable  and  may  change  within  very 
broad  limits  depending  on  the  conditions  of  deformation,  tho  strncturn  of  tliu 
ice  and  other  factors. 

In  a  number  of  cases  it  is  desirable  to  know  the  time  dependence 
of  the  shear  strength  of  the  ice  (resistance  of  the  ice  to  sh'‘>M‘;  with  a  giv^'n 
rate  of  deformation.  Thus  far,  no  direct  measurements  have  been  made 
the  resistance  with  small  strain  rates  which  do  not  cause  destruction  of  the  icc 
However,  one  may  get  some  idea  of  the  nature  of  the  change  of  resistance  by 
analyzing  tho  creep  curves.  The  laws  of  the  rate  of  change  of  creep  of  h  e 
with  time  and  various  constant  stresses,  based  on  tho  experimental  curves 
of  creep  (see  fig.  15),  are  of  tho  form  represented  in  figure  IBa,  If  a  horizon¬ 
tal  lino  corresponding  to  a  specific  creep  rate  (o.  g.  .  '),|)  is  dravMt  .’tcross  Hus 
scheme,  tho  r-valuus  at  tho  points  of  intcrHoction  of  this  curve  with  the  curves 
Y  t  “  const  "  Mndor  certain  assumptions,  bo  regarded  ns  tho  v.’iluos 

of  tho  resistance  at  a  constant  rate  of  shear  if  theiio  ruslstitncu  v.'iluus 
are  plotted  against  the  corresponding  times  (fig,  18b),  one  will  got  the  curves 
of  tho  change  in  magnitude  of  the  resistance  of  ice  with  time  and  a  constant  rate 
of  deformation. 

As  is  evident  from  this  scheme,  the  change  of  tho  shear  strength 
(resistance)  value  is  a  function  of  the  given  r.ito  of  deformation.  With  a  small 
rate  of  shear,  Uio  reslsUnce  will  increase  smoothly  to  a  certain  value  v/hich 
may  bo  determined  from  equation  (7),  after  which  it  will  remain  constant.  If 
the  shoar  rate  corresponds  to  the  stuady-st.ite  creep  rate  with  a  stress  close 
to  the  limit  of  prolonged  creep  after  an  interval  of  constant  resistance 
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xt  may  decrease  slightly  in  connection  with  the  gradual  change  of  ice  structure 
When  the  shear  rates  oxceed  the  possible  rate  of  prolonged  steady  creep,  the 
value  of  the  resistance  after  attainment  of  the  maximum  value  will  gradually 
decrease  to  a  value  close  to  the  limit  of  prolonged  creep. 

THE  INFLUENCE  OF  TEMPERATURE 

The  creep  rate  increases  with  increasing  temperature.  This  rela¬ 
tionship  is  especially  strong  at  a  temperature  close  to  O^C.  On  the  basis  of 
experimental  data,  Royen  (1922)  described  the  relationship  between  the  value  of 
the  plastic  deformation  of  ice  (in  compression)  and  temperature  by  the  empirical 
formula 


where  0  is  the  temperature  of  the  ice  without  the  minus  sign  and  B  is  a  constant 
which  differs  in  each  individual  case. 

Experiments  on  the  flexure  of  ice  beams  and  the  torsion  of  ice 
cylinders  (Voitkovskii,  1956,  1957)  have  shown  that  the  change  in  the  value 
of  the  rate  of  steady  creep  with  given  conditions  of  deformation  (stressen)  as 
a  funcHon  of  temperatures  within  the  range  -I'C  to  -40  C  is  expressed  by  an 
ompirical  formula  analogous  to  Royen's  (10) 

;  (1  +  Oq)  Yo 

Ye  — -  (11) 

where  Yq  experimentally  determined  rate  of  steady  creep  at  any  tem¬ 
perature  0^:  Yq  steady  creep  at  any  temperature  0. 

This  formula  is  acceptable  for  cases  of  ptii  e  shear  as  well  as  for 
other  types  of  deiormation  (compression,  tension,  flexure,  deformation  with 
a  complex  state  of  stress),  provided  there  is  a  stage  of  steady-state  creep 
and  that  the  stress  values  remain  the  same  at  all  points  with  a  change  of  tem¬ 
perature,  i.  c.  ,  provided  a  change  of  temperature  does  not  cause  a  re-disiribu- 
tion  of  the  internal  stresses. 

Figure  19  shows  the  results  of  one  of  the  experiments  on  the  in¬ 
fluence  of  temperature.  The  cxpcrimint  consisted  in  the  feillowing:  Weights 
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were  placed  on  a  10  x  10  x  120  cm  beam  of  ice  of  random  structure  (the  dia¬ 
gram  of  the  apparatus  and  the  loading  of  the  beams  is  shown  in  fig.  9)i  after 
which  the  sag  values  were  measured  systematically,  which  made  it  possible  to 
determine  the  rate  of  sag  of  the  beam.  The  temperature  in  the  room  where  the 
experiment  was  conducted  was  kept  approximately  constant  during  the  time 
required  to  establish  a  constant  sag  rate,  after  which  it  was  changed  and  the 
steady  rate  of  sag  was  again  determined.  The  temperature  was  varied  from 
-1°C  to  -40°C.  In  figure  19,  the  experimentally  determined  rates  of  sag  of 
the  beam  at  the  corresponding  temperatures  are  indicated  by  the  circles.  As 
can  be  seen,  within  this  temperature  range  these  circles  correspond  satisfac¬ 
torily  to  the  curve  which  depicts  graphically  the  relationship  between  the  creep 
rate  and  the  temperature,  in  agreement  with  formula  (II),  if  we  assume  that 
y  ^  =  4  X  lO”^  cm/hr  at  -3.  5°C  (0  -  3.  5). 

The  examined  relationship  between  the  rate  of  steady  creep  ai'.d 
the  temperature  may  be  employed  to  determine  the  influence  of  temperature  on 
plastic  deformation  after  a  specified  time  interval  during  the  Initial  period 
after  application  of  load,  as  follows  from  an  analysis  of  formula  (8).  In  this 
case  it  should  be  kept  in  mind  that  this  can  be  accepted  fully  only  wlien  the 
stresses  do  not  exceed  the  limit  of  prolonged  creep.  If  the  stresnes  arc  largo, 
however,  the  temperature  relationship  may  be  more  complex,  since  the  very 
limit  of  prolonged  creep  is  a  function  of  temperature;  furthermore,  the  creed 
rate,  as  indicated  above,  is  very  variable  under  these  conditions  and  depends 
on  many  factors. 

Some  investigators  have  proposed  other  equations  for  the  relation¬ 
ship  between  the  creep  rate  of  ice  and  temperature,  but  these  equations  have 
not  been  properly  verified  by  experimental  data.  For  example,  Glen  (1955) 
accepted  the  equation 

Q 

i  =  Ac"  ITT  (12) 

as  an  expression  of  the  relationship  between  the  comprciisivc  strain  ri.tc  ( 
and  the  absolute  icc  temperature  T.  Hece  A  is  a  constant,  il  the  gas  constant 
and  Q  the  activation  energy  (a  heat  of  activation). 


I  Earlier,  A.  R.  Shul'man  (1948)  declared  it  possible  to  use  such 

I  an  equation  to  express  the  relationship  between  the  viscosity  of  ice  and  tem- 

I  perature.  Later,  Jellinek  and  Brill  (1956)  used  a  similar  equation.  However. 

1  Voitkovskii's  experimental  data  indicate  that  the  above  equation  (12)  docs  not 

I  reflect  the  actual  abrupt  increase  of  creep  velocity  with  temperature  above 

I  -5®C  to  -3°C;  therefore,  we  do  not  recommend  its  use. 

CREEP  UNDER  THE  SIMULTANEOUS  INFLUENCE  OF 

NORMAL  AND  TAPJGENTUL’STffESSE'S  (IN  A'COICIPL'EX 

- 5TRE^r>~5TATEl — - 

Uniform  hydrostatic  pressure  does  not  exert  a  substantial  influence 
on  the  character  and  the  rate  of  creep.  Rigsby  (1958),  in  conducting  experiments 
on  the  shearing  of  ice  crystals  at  pressures  up  to  3C6  atm,  established  that  the 
rate  of  shear  deformation  is  practically  independent  of  pressure  if  the  difference 
between  the  ice  temperature  and  the  melting  point  (which  varies  a  functicn  of 
pressure)  remains  constant.  If  the  temperature  of  the  deforming  ice  remain^ 
constant,  the  shear  strain  rate  will  increase  somewhat  with  increasing  pressure, 
but  this  increase  becomes  substantial  only  at  quite  considerable  pressures.  Fur 
example,  at  a  pressure  of  306  atm,  the  shear  rate  approximately  doubled.  Thuu, 
for  the  most  part  hydrostatic  pressure  is  expressed  merely  as  follows;  it  re¬ 
duces  the  melting  point  of  ice  and  its  influence  on  the  creep  rate  is  equal  to  the 
effect  of  an  actual  increase  of  ice  temperature  during  the  deformation  of  the  ice 

Irregular  or  unilateral  pressure,  as  distinct  trom  hydrostatic,  has 
a  substantial  influence  on  the  creep  rate.  To  arrive  at  a  quantitative  estimate 
of  its  influence,  I  conducted  long>term  experiments  on  the  simultaneous  torsion 
and  longitudinal  compression  of  hollow  ice  cylinders  consisting  of  ice  having 
randomly  oriented  crystalc.  During  the  expertment,  normal  and  tangential 
stresses,  distributed  quite  uniformly  and  identical  in  magnitude,  were  created 
in  all  cross  sections  of  the  ice  cylinder.  This  made  it  easy  to  determine  the  re¬ 
lative  angular  and  longitudinal  strains.  The  values  of  the  torque  and  longitudinal 
force  were  chosen  such  that  the  influence  of  normal  stresses  on  creep  could  be 
traced  for  given  constant  values  of  the  shear  stresses. 

In  all,  SIX  ice  cylinders  were  tested.  Various  combinations  of  the 
simultaneous  effect  of  normal  and  tangential  stresses  were  created  fur  each 
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cylinder  (normal  from  0-5  kg/cm^,  tangential  from  0.  75-2.  5  kg/cm^).  Each 
stage  of  loading  was  continued  for  at  least  200  hours,  so  that  the  rate  of  steady 
creep  could  be  determined. 

Figure  20  shows  the  order  of  magnitude  of  the  change  in  the  value 
of  the  stresses  and  the  character  of  the  creep  curve  for  one  of  the  experLncr.ts. 
The  results  of  the  remaining  experiments  are  given  in  table  6.  As  can  be  seen 
from  figure  20,  a  constant  rate  of  creep  was  established  for  all  combinations 
of  stresses  except  the  case  where  the  limit  of  prolonged  creep  was  exceeded. 

In  this  latter  case,  the  rate  of  shear  did  nut  depend  solely  on  the  value  of  the 
tangential  stresses  but  also  on  the  value  of  the  normal  stresses  acting  in  the 
•hear  plane  and  increased  as  the  normal  stresses  increased.  Similarly,  the 
rate  of  longitudinal  compression  at  a  constant  compressive  stress  increased  as 
the  tangential  stresses  increased  in  the  planes  perpendicular  to  the  direction 
of  compression.  Thus,  the  steady  rate  of  creep  in  the  complex  stressed  state 

Analysis  of  the  experimental  data  shows  that  the  steady-stale  creep 
of  polycrystalline  ice  in  the  complex  stressed  state  may  be  expressed  with  the 
aid  of  equations  of  the  theory  of  plastic  flow  (Sokolovskii,  1950),  assuming  that 
the  value  of  the  ahear  strain  rate  of  ice  L  is  a  specific  function  of  the  value  of 
the  tangential  stresses  S: 


L  =  f(S) 


where  L:!  1  [{i  -«  )2  +  (i  )2  +  .j  )2, 
1  3  ‘ '  X  y'  '  y  z'  '  z  x'  ^ 
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Here  it  is  assumed  that  the  stressed  state  at  any  point  of  the  body  is  charac¬ 
terized  by  the  stress  components  <r  ,  (r  ,  a  ,  a  ,  a  and  a  while  the 

y  xy  yz  ax 

rate  of  deformation  is  determined  by  the  six  components  of  the  strain  rates  in 

these  same  axes  <,<,<,<  ,1  ,t 

X  y  z  xy  yz  zx 


For  the  case  of  pure  shear,  when  L  -  y  and  S  -  t,  this  relation¬ 
ship,  in  agreement  with  cq.  (7),  should  appear  as  follows 
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Proceeding  from  the  generaUy  accepted  hypothesis  of  proportion¬ 
ality  of  the  principal  shear  rates  and  the  principal  tangential  stresses,  the 
ratio  of  the  deviator  of  the  strain  rates  D.  to  the  deviator  of  the  stresses  D 
should  be  proportional  to  the  ratio  of  the  value  of  the  shear  strain  rates  to  the 
value  of  the  tangential  stresses: 


.  L 
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Substituting  the  L~value  from  (14)  in  this  equation,  we  get  the 
generalized  relationship  between  the  rate  of  steady  creep  of  ice  in  the  com¬ 
plex  stress  state  and  the  temperature  and  stresses  in  the  form: 


‘x(y,  z)  ■  1+0 


:  x(y,  z)"*^  av 


_  KS  * 

'^xy(yz,  zx)  I+O  ^xy  (yz,  zx)’ 
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Table  6  gives  the  actual  values  of  the  relative  increase  of  the  shear 
rate  due  to  normal  stresses  and  also  shows  the  values  calculated  on  the  basis 
of  formulas  (16).  A  comparison  of  these  figures  shows  the  agreement  of  the 
given  experimental  proposals  concerning  the  generalized  relationship  between 
the  creep  rate  and  the  stresses  and  temperature. 

Figure  21  shows  graphically  the  results  of  determining  the  steady 
rate  of  shear  for  cylinder  6,  plotted  on  a  double  logarithmic  grid  against 
corresponding  values  of  the  rate  of  change  of  tangential  stresses.  The  dashed 
line  here  characterizes  the  relationship  between  the  rate  of  shear  and  the  value 
of  the  tangential  stresses  in  pure  shear,  while  the  tangent  of  the  slope  angle  of 
this  line  characterizes  the  magnitude  of  the  coefficient  n  in  formula  (7).  The 
points  corresponding  to  shear  rates  with  identical  values  of  tangential  stress 
but  with  different  values  of  normal  stress  are  connected  by  solid  lines.  The 
points  lie  along  straight  lines,  the  tangents  of  the  slope  angle  of  these  line.s  are 
approximately  a  unit  smaller  than  the  tangent  of  the  slope  angle  of  the  da.>he>l 
line.  This  means  that  the  rate  of  shear  and  the  rate  of  change  of  .stre.ss'*s  v.'iili 
constant  tangential  stresses  in  the  shear  plane  arc  related  by  a  power  funrtion 
of  the  type  =  as””\  corresponding  to  formula  (16). 

Employing  relationship  (16),  one  may  calculate  the  rate  of  steady 
creep  of  ice  with  different  types  of  deformation:  tension,  flexure,  compri‘.s«ioi.^ 
and  the  more  complex  types  of  deformation.  Then,  oy  comparing  the  .ictually 
observed  rates  of  creep  with  the  corresponding  calculation  formulas,  one  may 
determine  K  and  n,  which  characterize  icc  creep.  Thus,  on  the  basis  of  an¬ 
alytical  calculations  of  the  sag  rate  of  icc  beams,  proceeding  from  the  relation¬ 
ship  (16)  and  the  experimental  data  on  the  bending  of  beams,  I  found  the  following 
values  for  ice  of  random  structure;  n  -  1.  8  and  K  =  2.  3-2.  5  cm^”.  degree/kg”.  hr 
( Voitkovskii,  1957),  which  fully  corresponds  to  the  values  of  these  coefficients 
in  pure  shear.  This  is  another  indication  of  the  applicability  of  eqs.  (16). 

As  experiments  have  shown,  the  basic  featurcf  of  the  laws  of  the 
creep  of  polycrystallinc  icc  in  a  complex  stressed  state  are  the  same  as  those 
described  above  for  pure  shear  (sec  fig.  14),  except  that  the  limit  of  prolonged 
creep  in  tins  case  corresponds  to  a  value  of  tangential  stresses  which,  with 
some  approxbnation,  may  be  regarded  as  the  ina.\imum  shear  stress.  One  may 


assume  that  the  calculated  coefficients  K  and  n,  characterizing  the  creep  rate 
and  the  limit  of  prolonged  creep,  are  the  same  as  in  the  case  of  pure  shcar‘)'. 

Here  we  should  emphasize,  as  we  did  in  describing  creep  in  pure 
shear,  that  the  proposed  generalized  relationship  (16}  is  completely  valid  only 
for  cases  where  the  stage  of  steady-state  creep  is  observed.  Quantitative  laws 
have  not  yet  been  established  for  the  change  of  the  rate  of  deformation  during 
the  stage  of  accelerating  creep. 

The  change  in  the  magnitude  of  ice  deformation  during  the  initial 
period  of  creep  after  the  application  of  load  may  be  calculated  by  an  empirical 
formula  similar  to  formula  (8),  substituting  in  it  the  steady-state  creep  in  a 
given  stress  state  calculated  on  the  basis  of  (16)  in  place  of  .  For  example, 
for  the  case  of  unilateral  v.oiiipxc:>sIuii  (ur  iensiun),  a  change  me  value  '-i  inc 
relative  compressive  (or  tensile)  strain  is  expressed  by  the  formula 
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(17) 


(taking  n  -  2  and  m  -  1). 


Sometimes  Royen's  (1922)  empirical  formula 


C(r  t 

1  +  0 


(18) 


is  still  used  to  calculate  the  value  of  ice  deformation  in  compressioit  and  the 
thermal  stresses  in  ice.  In  Royen's  formula  <  is  the  relative  compressive 

*  (  assume  that  the  normal  stresses  and  especially  hydrostatic  pressure 

may  raise  the  li:nit  of  prolonged  creep  of  ice  somewhat,  however,  this  has  not 
yet  been  confirmed  experimentally. 


-  -13  - 


■train  and  c  -  (6-9)  x  10  \  However,  Royen's  formula  has  a  number  of  sub¬ 
stantial  defects.  First,  it  assumes  a  linear  relationship  between  strain  and 
stresses,  while  the  strain  a.-tually  increases  approximately  in  proportion  to 
the  square  of  the  stress.  Secondly,  according  to  the  formula  the  strain  rate 
should  decrease  continuously,  while  actually  it  decreases  only  during  the 
initial  period  and  then  a  constant  creep  rate  is  established  or  accelerating 
creep  begins.  Therefore,  we  do  not  recommend  its  use  in  calculations. 

VISCOSITY 

Most  researchers  have  examined  the  creep  of  ice  as  viscous  flow, 
with  a  velocity  that  can  be  characterized  by  the  viscosity  coefficient.  There¬ 
fore,  the  study  of  the  creep  of  ice  usually  amounts  to  a  determination  of  the 
viscosity  coefficient. 

The  coefficient  of  viscosity  characterizes  the  internal  friction 
which  appears  during  the  relative  tnuvemeni  of  the  adjacent  irjyers  ot  a 
and  which  depends  on  the  forces  of  adhesion  between  the  molecules.  It  may  be 
examined  as  the  resistance  of  the  body  at  a  given  moment  of  its  deformation 
per  unit  surface  of  the  shear  layer  and  per  unit  angular  velocity  of  the  shear 
(Vcinberg,  1940).  The  coefficient  of  viscosity  is  measured  in  poises: 


1  poise  sLgyne-  sec 
cm^ 


0.  00102  K.  wt.  •  sec 
- - 

cm 


Results  of  determinations  of  the  viscosity  coefficient  can  be  found 
in  the  works  of  B.  P.  Vcinberg  (1906),  Deeley  (1908),  Lagally  (19.10),  P.  P. 
Kobeko  (1946),  V.  V.  Lavrov  (1948),  A.  R.  Shul’man  (1948),  S.  K.  Khanina 
(1949)  and  others.  The  data  obtained  arc  so  contradictory  (individual  values 
of  the  coefficient  of  viscosity  for  ice  vary  from  10*®  to  10*^  poise,  i.  c.  ,  they 
may  differ  by  a  factor  of  100,000),  that  they  are  not  conducive  to  establishing 
a  definite  law  of  change  of  the  coefficient  of  viscosity.  The  discrepancies 
have  been  ascribed  chiefly  to  the  influence  of  the  ice  structure  and  the  direc¬ 
tion  of  the  deformation  with  respect  to  the  optic  axes  of  the  ice  crystals. 

Actually,  however,  the  main  reason  for  the  large  discrcjwnries 
between  the  determined  values  of  ihe  viscosity  coefficient  is  that  this  coefficient. 
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when  applied  to  ice,  is  not  a  specific  physical  constant  but  is  arbitrary, 
since  it  may  vary  within  wide  limits  depending  on  the  magnitude  and  dura¬ 
tion  of  the  stresses,  in  addition  to  their  dependence  upon  the  structure  and 
orientation  of  the  crystals  and  the  temperature.  Furthermore,  crude  methodo¬ 
logical  errors  are  commonly  made  since  the  above  factors  are  usually 
ignored  in  determining  the  coefficient  of  viscosity. 

The  coefficient  of  viscosity  of  ice  i.s  usually  calculated  on  the 
basis  of  measurements  of  the  rate  of  deformation  (strain),  proceeding  from 
the  assumption  that  ice  satisfies  Newton's  law  of  viscosity,  i.  e.  ,  that  the  re¬ 
lationship  between  the  stress  values  and  the  rate  of  strain  is  linear.  The  works 
of  Glen  (1952,  1955)  were  the  first  to  show  that  ice  does  not  satisfy  Newton's 
law  of  viscosity. 

The  works  of  a  number  of  investigators,  namely,  Glen  (1952,  1955), 
Gerrard,  Perutz  and  Roch  (1952),  Haefeli  (1952),  Steincmann  (i‘»54).  Voitktiv- 
skii  (1956,  1957)  and  others  have  proved  decisively  that  the  relationship  between 
the  stress  values  and  the  strain  rate  is  not  linear  and  that  the  coefficient  of 
viscosity  of  ice  is  not  a  specific  physical  constant  but  a  variable  dependnnt 
upon  many  factors. 

The  relationship  between  the  strain  rates  and  the  stresses  in  ideally 
viscous  flow  (n  -  1)  can  be  expressed  in  general  form  by  the  equation 


D. 

c 


(19) 


where  ti  is  the  coefficient  of  viscosity. 

If  the  stage  of  steady  creep  is  c.xamincd  arbitrarily  as  viscous 
flow,  the  coefficient  of  viscosity  of  ice  for  this  case,  using  formulas  (16)  and 
(19),  should  be 


1  +  0 


(20) 


i.  e.  ,  it  depends  on  three  factors:  ice  structure,  characterized  by  the  coefficient? 
K  and  n,  temperature,  and  the  intensity  (rate  of  change)  of  the  tangential 
stresses. 
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In  cases  where  there  is  no  prolonged  stage  of  steady  creep,  the 
coefficient  of  viscosity  becomes  a  completely  indeterminable  value.  There¬ 
fore,  the  coefficient  of  viscosity  of  ice  may  be  examined  only  as  an  arbitrary 
value  characterizing  the  relationship  between  the  stress  values  and  the  creep 
rate  with  given  strain  conditions  at  a  given  moment  of  time. 

CREEP  WITH  VARIABLE  LOADING 


When  the  load  is  changed,  the  rate  of  deformation  changes  abruptly 
and  within  a  certain  time  after  the  load  is  changed  (up  to  100  hours)  the  charac¬ 
ter  of  the  change  of  the  deformation  and  the  rate  of  change  arc  functions  of 
both  the  magnitude  of  the  acting  stresses  and  the  magnitude  of  the  stresses 
before  the  load  was  changed,  due  to  the  appearance  of  an  elastic  aftereffect 
(sec  Chapter  II). 

If  the  load  on  the  ice  at  a  specific  moment  of  time  is  changej 
and  the  stresses  consequently  change  from  to  the  further  behavior  of 
the  deformation  may  be  described  by  the  formula  (Voitkovskii,  1956) 


^  t  ■  (t.^,  t)  (t^,  t-tj)  "  (tj,  t-tj)  ,  (21) 


where  y  ,  ts  the  magnitude  of  the  deformation  (strain)  at  any  time,  y  >  t 

t  Tj 

is  the  deformation  which  would  have  occurred  at  time  t  if  the  stresses  had 
not  changed  (with  t^);  y  (t^,  t-t^)  is  the  deformation  calculated  on  the  basis 
of  formula  (8)  for  t-t^  with  stress  y  (t^,  same  as  above  with 

stress  Tj. 

Figure  22  shows  a  scheme  for  calculating  the  magnitude  of  the  defor¬ 
mation  on  the  basis  of  this  formula.  Here  it  is  assumed  that  the  total  defor¬ 
mation  at  any  moment  ir  time  after  the  change  of  stress  may  be  expressed 
as  the  sum  of  two  arbitrary  values.  The  first  of  these  is  the  strain  v/hich 
would  occur  at  the  time  of  interest  to  us  if  the  stresses  did  not  change.  The 
second  is  the  dtCfcrence  between  the  calculated  strain  values  for  the  new  and  the 
old  stresses.  In  die  diagram,  which  shows  a  case  of  the  reduction  of  stresses, 
this  difference  is  negative  and  is  shown  by  tlic  shaded  portions. 
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The  eubsequent  changes  of  stress  may  be  calculated  analogously, 
hi  the  case  of  unilateral  compression  of  the  ice,  with  a  change  of  stress  from 
O'  to  r  2  (stress  <r  ^  acted  during  time  interval  t^),  the  further  change  of  the 
relative  compressive  strain,  in  agreement  with  (17)  and  (2.1),  is  expressed  as: 


Oir+eT 


r 


I  ‘  (t-tj) 


at. 


02 

1  +  I  +  a  (t-tjJ 


(22) 


It  should  be  note^hat  the  values  oi  the  empirical  coefficient 
t^  may  vary  within  quite  broad  limits.  In  cases  of  initial  loading  and  an 
increase  of  stresses  t^  *  30*100  hours,  as  shown  by  my  experiments,  but 
when  stresses  are  reduced  t^  =  5-10  hours,  and  with  repeated  increase"  of 


kC<i»OW<o  StWUA  e  \  VU&UVOV 


Therefore,  ’s  h'rmuia  (r.c; 


two  values  of  the  coefficient  t  -  t_,  and  t^,  are  introduced,  which  .shosild  be 

o  01  02 

assigned  according  to  the  specific  conditions  of  deformation. 

If  the  sign  of  the  stresses  changes  when  the  direction  of  the  loading 
is  reversed,  the  creep  rate  usually  increases.  For  example,  in  my  experi¬ 
ments  (Voitkovskii,  1957),  the  sag  rate  of  the  ice  beams  approximately  doubled 
with  the  same  loading  values  when  the  direction  of  sag  was  changed.  This 
can  be  explained  as  follows.  Usually,  the  creep  of  ice  is  associated  with  some 
breaking  of  bonds  and  in  a  number  of  cases  with  the  partial  destruction  of  the 
crystals  in  the  shear  surfaces,  therefore  the  shear  strength  of  the  ice  de¬ 
creases  in  the  direction  opposite  the  initial  direction. 


RELAXATION 


The  term  relaxation  is  used  to  define  the  decrease  of  the  resis¬ 
tance  of  a  body  during  its  steady  deformation.  The  laws  of  relaxation  of 
stresses  in  ice  have  not  yet  been  studied  sufficiently.  B.  P.  Veinberg  (1907) 
held  that  the  relaxation  of  stresses  in  ice  obeys  Shvedov's  law,  which  states 
that  the  stresses  decrease  exponentially  when  the  strain  is  constant 
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(23) 


where  tr  is  the  stress  at  the  initial  moment;  e  .  is  the  elastic  limit  and 
o  \ 

a  is  the  relaxation  time. 

However,  this  law  is  not  very  applicable  to  ice,  because  the 
assumptions  accepted  initially  in  deriving  the  formula  are  not  applicable 
for  the  deformation  of  ice.  The  reason  for  this  is  that  the  elastic  limit  of 
ice  is  close  to  0,  while  the  relaxation  time,  which  is  related  to  the  cocf- 
Acient  of  viscositv.  is  variable. 

Kartasfakin  (1947),  in  analyzing  the  results  of  his  experiments, 
came  to  the  conclusion  that  the  relaxation  of  stresses  can  be  expressed  roughly 
by  a  formula  similar  to  formula  (23),  but  with  the  final  value  of  the  stress 
after  a  specified  period  of  relaxation  substituted  for  the  elastic  limit.  How¬ 
ever,  this  modification  of  the  formula  leaves  quite  a  bit  to  be  desired  since 
usually  the  final  stress  value  is  not  known.  Furthermore,  the  relaxation 
time  a  remains  an  indefinite  value. 

We  have  used  the  above-described  laws  of  ice  creep  and  the 
general  postulations  about  relaxation  to  derive  a  more  acceptable  relaxa¬ 
tion  formula.  The  postulations  about  relaxation  can  be  summarized  as 
follows:  the  total  deformation  value  at  any  moment  may  be  examined  as  the 
sum  of  the  elastic  and  plastic  deformations,  further,  during  the  process  of 
relaxation  the  reduction  of  stresses  is  due  to  the  gradual  reduction  of  the 
clastic  deformation  and  the  addition  of  the  plastic  deformation  to  this  same 
value,  according  to  the  system: 


ij 

>  4 
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‘  initial  ”  ^  elastic  (t)  ^  ^  plastic  (t)  ”  const  (24) 


^clastic  ^  Aplastic  "  ' 

where  y  Y  plastic  correspondingly,  the  clastic  and  plastic 


deformations  at  any  moment  in  time  t  and 
rates  of  elastic  and  plastic  deformation. 


V  ,  and  V  ,  are  the 
'  elastic  *  plastic 


The  rate  of  plastic  deformation  of  ice  (creep)  is  determined  by 
the  intensity  of  the  tangential  stresses,  thus  the  condition  of  relaxation,  in 
agreement  with  the  above  scheme,  may  be  expressed  as  a  sum  of  the  rates 
of  changi^  of  and  plastic  shear  strain  amounting  to  0 


L  ,  +  L  ,  ..  =0 

elastic  plastic 


The  rate  of  change  of  elastic  shear  strain,  according  to  the  theory 
of  elasticity,  is 

L  ,  .  =  ~  ^  (26) 

elastic  G  dt 

where  G  is  the  shear  modulus. 

1-et  us  assume  that  the  rate  of  plastic  deformation  during  the  relax¬ 
ation  process  is  equal  to  the  creep  rate  according  to  (9).  Substituting  the 
value  of  the  shear  strain  rate  L  for  the  value  of  the  rate  of  angular  strain 
y  in  formula  (9).  we  get  (with  consideration  of  (14)  and  m  s  1]  the  following 
values  for  the  rates  of  change  of  plastic  deformation: 


Aplastic 


S  1+  - 2_r! 

plastic  ^ 


Substituting  the  values  of  ^gj^gtic  ^''plastic  dividing  the 

variables  and  integrating,  we  get 
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The  last  equation  is  also  the  equation  of  relaxation  of  stresses. 

In  agreement  with  the  experimental  data  on  the  creep  rate  of  Iwo  with  varii- 
ble  loading,  the  value  of  the  empirical  coefficient  t^  should  be  from  5  to  30 
hours.  If  the  relaxation  begins  immediately  after  the  initial  elastic  defor¬ 
mation,  the  t^-vahie  will  he  of  the  order  of  30  hrs.  Howevor,  if  the  ice 
experiences  stresses  and  creep  deformation  before  relaxation  begins,  the 
t^  value  will  decrease  to  5-10  hours. 

For  the  case  of  uniaxial  compression  of  ice,  assuming  G  “  15,  000 
kg/cm  ;  n  *=  2;  K  -  3  X  10  a  2  0.  5;  s  10;  the  relaxation  equation  will 
assume  the  form 


_ initial _ 

w  0. 26  .  5  , 

1+0  ^  initial^  ^  ’  1+0.  5l  ^ 


Figure  23  shows  the  curves  of  relaxation  of  slrcsscs  calculated  by  this  for¬ 
mula  for  the  initial  stresses  of  10,  5  and  3  kg/cm^  at  -i.  6”c.  As  one  can 
see  from  the  graph,  the  character  of  the  relaxation  curves  t-orresponds  to  the 
experimental  rcla.xation  curves  obtained  by  Kartaslikin  (see  fig.  13).  However, 
the  relaxation  formula  which  we  have  proposed  requires  further  experimental 
verification  and  refinement. 
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THE  DEFORMATION  QF  ICE  IN  AN  INHOMOC.CN SOUS 


A  homogeneous  stressed  state  in  ice  is  created  only  tn  experiments 
with  unilateral  compression  or  elongation  of  samples  of  regular  form  or  in 
experiments  with  torsion  of  samples  made  of  thin>wallcd  tubes.  Experiments 
of  this  type  are  required  to  establish  the  laws  of  ice  creep  and  to  evaluate 
these  laws  quantitatively.  In  all  other  cases,  after  a  load  has  been  applied  to 
*  ******  fo  ttn  ice  sample,  an  inhomogeneous  stress  is  created  in 

which  the  magnitude  and  direction  of  the  main  stresses  differ  at  different  points. 

The  appearance  of  an  inhomogeneous  stressed  state  during  the  defor¬ 
mation  of  ice  causes  a  redistribution  of  internal  stresses,  since  the  laws  of 
the  distribution  of  stresses  differ  for  initial  elastic  deformation  and  for  creep. 

In  the  stage  of  clastic  deformation  there  is  a  linear  relationship  between  the 
magnitude  of  the  deformation  and  the  stress,  while  in  the  ra-*.;  of  creen  th« 
magnitude  (rate)  of  deformation  increases  considerably  ir.j*.,  lapidly  lr.a'»  the 
stress.  Rapid  plastic  deformation  can  occur  in  places  where  higher  shear 
stresses  develop  during  initial  elastic  deformation,  but  since  the  deformations 
arc  continuous  this  will  be  prevented  to  a  certain  extent  by  the  more  slowly 
deforming  (less  stressed)  adjacent  sectors.  To  summarize,  the  stresses  in 
the  more  stressed  portions  will  decrease  in  part  (relax)  due  to  the  increase  of 
stresses  in  the  nearest  loss  stressed  portions. 

An  example  of  the  redistribution  of  stresses  for  the  case  of  the  bend¬ 
ing  of  an  ice  beam  ( Voitkovskii.  1957)  is  illustrated  in  figure  Zd.  The  dashed 
line  here  shows  the  distribution  of  stresses  in  the  cross  section  of  a  beam  at 
the  initial  moment  after  application  of  load  (during  clastic  deformation).  The 
solid  line  shows  the  distribution  of  these  same  stresses  during  stcady-stato 
creep.  The  maximum  stresses  at  the  upper  and  lower  surface  of  the  beam 
decreased,  while  the  stresses  in  the  middle  part  increased. 

The  rate  of  redistribution  of  internal  stresses  ^'.epends  on  the  mag¬ 
nitude  and  the  inhomogcncity  of  the  initial  shear  stresses  in  the  deforming 
mass  of  ice.  The  more  intense  the  shear  stresses  are,  the  more  rapid  will 
be  the  plastic  deformation  and  the  more  rapid  can  be  the  relaxation  of  stresses. 
An  especially  intensive  redistribution  of  stresses  occurs  in  cases  where  shear 
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Mzmms  viOKr— di«^  tbit  lixrie.  c£  prs^^ngcd  cre«p>  appear  at  t&e;  micial  moznent 
after  applicatioai  of  load,  «rnce  conditio na  are  created  far  prosreaexre  ftow 
at  pouts  of  iocreased  etrese.  .Shear  etresaes  exceedienc:  tbe  limit  of  proloaged 
creep  aukf  be  preserved  oaly-  doruj;  a  limited  time  period.  Under  sticE 
atreaseSc  the  defhrmafcte  votuznae  mar  dcaintegrate  as  a  result  of  accelerating 
creep  or  the  £arge  stresses  decrease  due  to  their  cedistribucion;. 

The  redistributiao:  of  internal  stresses  causes  ar  rediictiba  of  the 
rate  of  plastic  deformation  of  the  loaded  sample  or  of  the  mass  of  ice  as  a 
whole.  Tcerefore.  in  the  caee  of  an  inhomogeneous  stressed  state,  the  initial. 
gradVialT y^decreasing  transient  stage  of  creep  may-  be  rery  prolonged.  This 
may  be  seen,  in  the  case  of  the  insettfon  of  risid  dies  mto  ice.  For  example. 
acconSa^  to  the  experiments  carried  out  hy  Vucia&ov  in  135Q  in  the  Laboratory 
of  Soil.  Sdechaaxcs  of  the  Northeastern.  Section  of  the  hostitute  of  Permafrost. 

rtf'  S  ew«h 

gradually  decreased  orer  approximately  I.  OOO  hoars  and  only  then  was  a  con- 
stanC  rate  of  insertion  established  C^S>  Elere.  the  period  of  time  oe&re 

the  establishment  of  a  constant  race  of  deformation  was  times  longer 

than  in  the  case  of  ptre  shear. 

In  examining  the  problem  of  the  redistribution  of  intemat  stresses 
in  a  deformahre  mass  of  ice.  one  most  always  strictly  distinguish  between  the 
shear  stresses  and  the  stresses  of  hydrostatic  compression.  Toe  redistnau- 
tion  of  internal  stresses  is  dxxe  to  processes  cf  creep  and  relaxation,  which 
may  exist  only  in  presence  of  shear  stresses  and  in  practice  is  independent 
of  Che  stresses  of  hydrostatic  compression.  Therefore,  the  presence  of  targe 
and  irregularly  distributed  normal  stresses  do  not  in  themselves  ini£caCe  the 
possibUiity  of  a  redistribvtion  of  stresses.  For  example,  there  can  he  no  re- 
chstrihutioa  of  inte.-iai  stresses  under  the  middle  part  of  a  large  heavily  loaded, 
die,  despite  the  great  stresses,  since  such  ice  will  be  compressed  hydrostati¬ 
cally.  The  region  of  rediscnhutioa  of  stresses  will  be  Uie  areas  around 

the  edges  of  the  die  where  greater  shear  stresses  appear. 


•  Lahoratonia  mekhaaiki  gruntov  Severo-Vostnclmogo  Ocdeleniia 

Ihscisnta  MerzioCo-vcdeniia  Akademn  NsaiJc  SSSR. 


THE  INFLUENCE  OF  ICE  STRUCTURE  ON  ICE  CREEP 


Ice  cryktalt  have  sharply  defined  mechanical  anisotropy.  There¬ 
fore,  all  the  above-indicated  quantitative  relationships  and  creep  character¬ 
istics  are  fully  applicable  only  to  the  deformation  of  polycrystalline  icc  with 
randomly  oriented  crystals  in  volumes  larger  than  the  dimensions  of  the 
individual  crystals,  when  ice  may  be  regarded  as  a  solid  isotropic  body.  For 
ice  with  a  clearly  defined  crystal  orientation,  the  basic  creep  laws  remain 
unchanged,  however,  the  creep  rate  may  vary  as  a  function  of  the  direction  of 
the  acting  shear  stresses  with  respect  to  the  direction  of  the  crystal  axes.  As 
a  result,  the  coefficients  n  and  K,  which  characterize  steady-state  creep 
[formulas  (7)  and  (16)],  may  differ  from  those  previously  indicated,  mostly 
they  will  be  larger.  This  may  be  explained  as  follows:  for  oriented  structure, 
in  individual  cases  there  is  an  increased  possibility  of  the  deformation  o  ice 
without  disintegration  of  its  individual  crystals,  for  example,  when  the 
planes  coincide  with  the  basal  planes  of  the  crystals  or  with  the  contact-  between 
crystals.  In  such  cases,  the  internal  resistance  to  deformation  may  he  smal¬ 
ler  than  in  the  case  of  the  deformation  of  icc  of  random  structure  and  corres¬ 
pondingly  the  creep  rate  may  be  greater.  In  our  experiments  on  the  torsion  of 
ice  cylinders  and  the  bending  of  ice  beams  with  specific  orientation  cf  the 
crystals  (Voitkovskii,  1967),  the  n-value  in  individual  cases  reached  2.4  and 
the  K-value  9  x  10  . 

The  influence  of  icc  structure  is  expressed  particularly  strongly 
in  the  case  of  shear  stresses  which  exceed  the  limit  of  prolonged  creep,  when 
there  is  accelerating  creep. 


53  - 


CHAPTER  V 


THE  ULTIMATE  STRENGTH  OF  ICE 

The  ultimate  strength  or  the  breaking  point  of  any  material  is  the 
stress  at  which  the  material  ruptures.  For  ice  this  magnitude  is  conditional 
to  a  certain  degree,  since  the  rupture  of  ice  is  due  not  only  to  the  attainment 
of  a  certain  critical  stress,  but,  in  view  of  the  considerable  role  played  by 
creep  phenomena,  the  beginning  of  ice  rupture  and  the  magnitude  of  internal 
stresses  corresponding  to  this  moment  depend  substantially  on  the  rate  of 
application  of  load,  the  conditions  of  deformation  and  other  factors.  This  is 
also  one  of  the  reasons  for  the  large  fluctuations  of  the  ultimate  strength  values 
of  ice  determined  by  various  investigators. 

The  uliiinate  strength  of  ice  usually  is  defined  as  greatest 
stress  (resistance)  in  the  test  sample  of  ice  before  its  rupture  due  to  "rapid” 
loading.  The  ultimate  strength  of  ice  depends  on  the  type  of  deformation,  thus, 
there  are  ultimate  strengths  ii.  compression,  tension,  flexure  and  shear.  Due 
to  the  specific  nature  of  the  mechanical  properties  of  icc,  the  determinable 
values  of  its  ultimate  strength  are  somewhat  different  in  nature  and  design 
than  the  ordinarily  applied  ultimate  strengths  of  various  materials.  The  ulti¬ 
mate  strength  characterizes  the  ultimate  resistance  of  the  material  to  external 
forces  and  ordinarily  is  used  to  determine  the  possible  loads  which  can  bo 
supported  by  some  structure  or  structural  unit  made  of  the  given  material. 
However,  when  icc  is  used  as  a  construction  material  or  as  a  bearing  founda¬ 
tion,  the  permissible  load  is  determined  from  the  permissible  magnitude  and 
rate  of  plastic  deformation  of  ice  under  the  specific  conditions  and  not  by  the 
magnitude  of  the  pcrmlsiVible  stresses,  which  should  be  less  than  the  ultimate 
strength  ( Voitkovskii,  1954). 

Data  on  the  magnitude  of  the  ultimate  strength  of  icc  are  required 
basically  in  cases  where  the  probletn  of  combating  icc  is  examined.  For 
example,  such  data  arc  required  for  calculating  structures  that  arc  subject  to 
ice  action  and  for  determining  the  possible  forces  of  interaction  between  the 
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ice  and  the  etructure.  The  magnitude  of  ultimate  strength  characterizes  the 
force  required  for  the  mechanical  destruction  (disintegration)  of  the  ice. 

The  crushing  strength  of  ice.  Table  7  gives  the  basic  results  of 
experiments  to  determine  the  ultimate  strength  of  ice  under  unilateral  compression 
conducted  by  various  investigators.  From  these  data  it  is  evident  that  the  re« 
sistance  of  the  ice  varies  within  broad  limits  depending  on  the  structure  of  the 
ice,  the  orientation  of  the  crystals  with  respect  to  the  direction  of  compression, 
the  temperature  and  other  factors.  One  also  observes  a  considerable  scatter 
of  ultimate  strength  values,  even  in  tests  of  samples  of  analogous  structure 
under  identical  conditions. 

It  should  be  noted  that  the  magnitude  of  the  ultimate  strength  of  ice 
depends  to  a  considerable  extent  on  the  conditions  of  deformation,  namely,  the 
dimensions  of  the  test  samples  and  the  rate  of  application  of  load  (or  the  rate 
of  deformation),  which  have  received  little  attention  from  most  investigator”. 
Aecurtling  to  ihe  data  of  N.  A.  Tsyiovich  (see  Tsyiovich  and  mgsn,  1917;  the 
ultimate  strength  in  compression  of  identical  ice  samples  varied  within  the 
following  limits  as  a  function  of  the  rate  of  increase  of  load: 


kg/cm2  .  min 

20 

36 

50 

Ultimate  strengtl^  in  com¬ 
pression,  kg/cm" 

60 

37 

24 

K.  N.  Korzhavin  (table  8)  noted  similar  phenomena.  He  established 
that  an  increase  of  the  rate  of  deformation  leads  to  .a  reduction  of  the  ultimate 
strength,  in  which  case  the  influence  of  the  rate  of  deformation  is  particularly 
strong  at  low  temperatures,  and  the  influence  decreases  as  the  temperature 
approaches  O^C.  Korzhavin  (1951)  represents  the  relationship  between  the  uiti> 
mate  strength  and  the  rate  of  relative  detormation  S  (within  the  limits  0.  0007- 
0.  0417  scc”S  by  the  empirical  formula 


a 


where  a  is  an  empirical  coefficient  (at  -3*^0,  a  -  3. 1;  at  O^C,  a  -  2.  5). 
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Let  u«  note  that  this  type  of  relationship  may  exist  only  with  rela¬ 
tively^  large  rates  of  deformation,  since  the  reverse  picture  is  observed  in  the 
case  of  small  deformation  rates:,  an  increase  in  the  deformation  rate  leads 
to  an  increase  in  the  resistance  (see  fig.  18).  In  compression,  an  ice  sample 
often  begins  to  disintegrate  before  the  stresses  in  it  reach  the  breaking  point. 

For  example,  in  compression  tests  of  samples  of  underground  ice  (L.  S. 
Khomichevskaia,  1940}  it  was  noted  that  cracks  began  to  appear  in  the  samples 
at  stresses  2-3  times  less  than  the  breaking  point  (ultimate  strength).  An  ice 
sample  in  which  cracks  have  formed  may  disintegrate  in  time  without  an  increase 
of  stresses,  1.  e.  ,  under  the  more  or  less  prolonged  effect  of  the  same  stress 
under  which  the  cracks  formed,  with  the  following  result.  The  ultimate  strength 
of  ice  may  decrease  substanti.-Uly  under  the  prolonged  effect  of  loading  or  a  very 
low  rate  of  increase  of  load. 

To  date  not  enough  study  has  been  devoted  to  the  influence  of  the 
sixe  of  the  test  samples  on  the  magnitude  of  the  ultimate  >>tr>>ngre.  Comparir.^ 
the  results  of  teats  of  10  cm  and  20  cm  cubes  of  ice,  K.  N.  Korzhavin  (1940) 
noted  an  increase  in  the  ultimate  strength  of  the  large  ice  samples.  However, 
this  increase  is  not  always  observed.  For  example,  Butiagin  (1955)  asserts 
chat  in  experiments  carried  out  under  natural  conditions  of  destruction  ef  an 
ice  cover,  the  ultimate  strength  of  various  types  of  deformation  of  large  ice 
samples  was  less  than  that  of  the  small  samples  tested. 

The  ultimate  strength  of  ice  is  a  function  of  temperature  and  in¬ 
creases  as  the  temperature  decreases.  This  relationship  may  be  expressed  by 
the  empirical  formula  (Korzhavin,  1940): 

<r  =  A  +  56,  (31) 

where  0  is  the  negative  temperature  of  ice  in  °C  (without  the  minus  sign); 

A  and  D  are  empirical  coefficients  (for  the  case  of  the  crushing  of  10  cm  cubes 
of  ice  at  a  rate  of  v  =  2  cm/min  in  the  temperature  interval  0°C  to  -10°C, 

A  «  15  and  B  ®  3.  4), 

The  ultimate  strengUi  of  ice  in  compression  in  the  direction  of  the 
crystal  axes  is  usually  greater  than  it  is  in  the  direction  perpendicular 
to  the  crystal  axes  .  For  example,  .according  to  Korzhavin’s  data  (1951) 
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the  Jratio  (rjj  /a  ^  for  the  ice  cover  without  conspicuous  indications  of  the 
weakening  of  the  bonds  between  the  crystals  at  a  temperature  of  0°C  to  -3°C 
is,  on  an  average,  1.  3-1.  5.  During  the  spring  thaw,  when  there  is  a  per¬ 
ceptible  weakening  of  the  bonds  between  the  crystals,  this  ratio  increases 
and  may  reach  3.  6. 

The  strength  of  a  natural  ice  cover  is  not  uniform  vertically.  The 
ice  is  strongest  in  the  central  i>art  of  the  cover  and  weakest  in  the  lower  part. 

The  tensile  strength  of  ice.  This  depends  basically  on  the  same 
factors  a.i  the  crushing  strength,  except  that  the  ultimate  tensile  strength  is 
considerably  smaller  than  the  crushing  strength  and  varies  within  smaller 
limits  (table  9).  Furthermore,  various  inclusions  and  structural  irregulari¬ 
ties,  which  may  become  centers  of  destruction,  have  a  great  influence  on  the 
tensile  strength  value.  In  compression  an  ice  sample  may  permit  a  further 
increase  of  load  after  cracks  have  appeared,  but  in  tension  the  ice  sample 
usually  breaks  without  preliminary  crack  formation. 

The  fracture  strcngtli  of  ice  is  determined  by  bending  ice  .s.^i.ipl^s 
or  a  portion  of  the  ice  cover,  for  example,  by  bending  strips  of  >ce  rut  from 
the  ice  cover,  the  so-callcd  "ice  keys"  (literally,  "piano  keys  of  ice,  "  tr.  ). 

The  most  probable  centers  of  rupture  arc  the  breaks  in  the  tension  zone  oi 
the  shearing  (cleaving)  at  points  of  greatest  tangential  stresses  and,  corre¬ 
spondingly,  the  beginning  of  rupture  should  be  determined  by  the  attainment 
of  critical  tensile  stresses  or  critical  shear  stresses. 

The  ultimate  flexural  strength  of  ice  is  usually  defined  as  the  maxi¬ 
mum  tensile  stress  in  the  bending  sample  of  ice  before  its  destruction,  cal- 
cul.-ited  on  the  basis  of  formulas  for  a  linearly  clastic  body.  In  such  an  approach, 
the  determinable  magnitude  of  the  maximum  stress  is  greater  than  the  actual 
stress  in  the  test  sample,  since  during  flexural  testing  of  ice  plastic  dciorma- 
tions  appear  along  with  clastic  deformations  and  in  the  case  of  these  plastic 
deformations,  the  distribution  of  stresses  in  the  flexure  sample  changes  com¬ 
pared  with  the  distribution  of  stresses  in  linear  elastic  deformation.  This 
change  tends  toward  a  reduction  of  the  maximum  strc.nscs  (sec  fig  24). 

Thus,  the  determinable  ultimate  strength  is  an  .irbitrary  value  to 
a  certain  extent,  somewhat  greater  t.ian  the  actual  maximum  stress  in  fracture 
In  our  opinion,  this  can  be  explained  by  the  following.  According  to  lli**  data 


'r* 
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of  most  investigators,  the  ultimate  flexural  strength  of  ice  (table  10)  is 
greater  than  the  ultimate  tensile  strength,  since  it  is  not  very  likely  that  ihc 
actual  tensile  stresses  in  a  flexure  sample  would  increase  beyond  the  ultimate 
tensile  strength 

The  concepts  outlined  above  do  not  prevent  the  practical  use  of  the 
given  ultimate  strength  values  for  computing  the  conditions  of  ice  fracture, 
considering  that  the  over-valuation  of  the  str  .  les  allowed  in  determining  the 
ultimate  strength  will  be  compensated  by  a  corresponding  under -valuation  of 
the  actual  stresses  compared  with  the  calculated  stresses  in  the  cases  of  in¬ 
terest  to  us.  One  need  but  observe  the  following.  In  the  calculations  one  must 
proceed  not  from  the  value  of  the  actual  stresses,  but  from  the  calculated 
stresses,  and  regard  ice  arbitrarily  as  a  linearly  elastic  body. 

The  magnitude  of  the  flexural  strength  of  ice  depends  very  suLsio-t- 
tially  on  the  size  of  the  bending  samples  and  the  rate  of  application  of  load. 

For  example,  according  to  the  data  of  I.  P.  Butiagin  (1955),  the  ultimate 
strength  of  small  samples  (7x7  cm  and  10  x  If*  ct::  in  cross  section  and  50  cm 
long)  on  an  average  is  three  times  greater  than  the  ultimate  strength  of  large 
strip  samples  cut  from  the  ice  cover.  V,  V.  Lavrov  (1958)  attempted  to  give 
a  theoretical  explanation  of  the  influence  of  the  size  of  the  ice  test  samples  on 
the  magnitude  of  the  ultimate  strength  and  to  present  corresponding  calculation 
formulas.  Lavrov's  theoretical  premises  arc  somewhat  debatable,  so  we  have 
not  given  his  formulas  here. 

For  example,  according  to  Lavrov's  formulas,  the  ultimate  flexural 

•> 

strength  of  a  sample  4.  5  cm  thick  and  35  cm  long  would  be  23  kg/cm*",  while 

2 

it  would  decrease  to  9  kg/cm  for  a  sample  34  cm  thick  and  250  cm  long. 

Similarly,  while  the  ultimate  fracture  strength  of  an  ice  cover  0.  35  cm  thick 
2  2 

would  be  21  kg/cm  ,  it  would  be  only  about  7  kg/cm  for  an  ice  cover  1-2  m 
thick. 

K.  N.  Korzhavin  treated  the  relationship  between  the  fracture  strength 
and  the  rate  of  loading.  According  to  his  data  (sec  table  10),  an  increase  of  the 
bending  rate  from  2  to  20  ciT»/m»n  decreased  the  ultimate  strength  from  9.  2 
to  3.  6  kg/cm^. 
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Orlov  (1940)  noted  that  the  fracture  strength  of  an  ice  sample  in 
water  is  somewhat  less  than  the  fracture  strength  of  "dry"  ice.  The  bending 
of  ice  "keys"  has  shown  that  the  strength  of  an  ice  cover  usuaUy  is  greater 
with  bending  from  above  than  with  bending  from  below  (Neronov,  1946; 
fiutiagin,  1933}. 

The  higher  the  temperature  of  the  ice,  the  smaller  its  fracture 
strength.  According  to  the  experimental  data  of  F.  F.  Orlov  (1940),  the 
ultimate  strength  of  ice  decreases  approximately  46%  with  an  increase  of 
temperature  from  -lO^C  to  -0.  5°C. 

The  shearing  strength  of  ice.  Table  11  presents  the  basic  data  on 


the  magnitude  of  the  shearing  strength  of  ice,  based  on  the  information  of 
various  investigators.  Obviously,  the  shearing  strength  may  vary  within 
broad  limits.  For  the  most  part,  the  shearing  strength  is  less  than  the 
tensile  strength  (Veinherg^  >940},  on  an  average  about  half  i»e  tensile  r^trengtn 

tensile  *  ^  g^ear  “  ®  )•  However,  at  low  tempera¬ 

tures  in  individual  cases  the  shearing  strength  may  be  considerably  greater 
than  the  tensile  strength.  The  magnitude  of  the  shearing  strength,  as  in  the 
case  of  other  types  of  destruction,  increases  with  decreasing  temperature  and 
may  change  as  a  function  of  the  ice  structure  and  the  direction  of  shear  with 
respect  to  the  direction  of  the  crystal  axes.  Furthermore,  as  the  cxperimmtK 
of  Vialov  (1958)  h.Tvc  shown,  the  shear  strength  of  ice  is  a  function  of  the  niag- 
nitude  of  the  normal  pressure  in  the  shear  plane,  increasing  as  the  pressure 
increases  There  is  also  some  basis  for  assuming  lliat  the  shearing  conditions 
exert  a  considerable  influence  on  the  magnitude  of  the  shearing  ctrength,  vi/..  , 
the  manner  of  conducting  the  experiment,  the  sir.c  of  the  sample,  the  rate  of 
application  of  the  load  or  the  rale  of  shear,  el  al.  However,  not  enough  study 
has  been  devoted  to  these  problems. 

The  adfreezing  (freezing  together)  strength  of  ice  and  various  sub¬ 


stances  is  a  function  of  the  material,  the  character  of  its  surface  and  the  tem¬ 
perature.  Table  IZ  shows  some  values  of  the  ma.ximum  adfree/.iitg  forces  of 
ice.  From  the  data  it  is  evident  that  the  adfreezing  lor<  es  increase  substan¬ 
tially  with  dec.’casing  temperature  and  with  roughness  nf  the  surface  The 
adfreezing  forces  also  change  a.c  a  function  of  the  conditions  whereby  icc  freezes 
together  with  another  body  and  these  are  resixinsibie  tor  the  structure  of  the 
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ice  aud  the  direction  of  the  crystal  axes  at  the  point  of  contact.  The  ad- 
freesing  forces  depend  on  the  rate  of  increase  of  load.  When  the  load  in¬ 
creases  rapidly,  brittle  fracture  results  and  rupture  may  pass  in  part  along 
the  ice  and  not  strictly  along  the  contacts,  depending  on  the  material  and  the 
condition  of  its  surface.  For  example.  In  experiments  on  the  extraction  of 
wooden  rods  (stakes)  froxen  into  ice,  Vialov  (1956)  observed  cases  where  the 
destruction  was  accompanied  by  a  sharp  cracking  sound  and  rupture  of  the  ice, 
individual  pieces  of  which  remained  on  the  extracted  rod.  The  greatest  values 
of  the  adfreexing  forces  were  noted  in  these  cases.  However,  when  there  was 
a  prolonged  interaction  of  loads  or  when  the  loads  were  increased  slowly,  the 
rod  slipped  along  the  ice.  In  such  cases,  the  adfreezing  forces  were  consider¬ 
ably  smaller. 

Figure  26  shows  a  curve  of  long-term  adfreezing  strength  of  ic. 

with  wooden  rods  (stakes)  frozen  into  it  (Vialov,  1956),  which  shews  h.^w  tv,o 

adfreezing  strength  varies  as  a  function  of  the  time  of  activu  leading  up  to  the 

moment  the  stakes  were  extracted.  When  the  load  was  increased  rapidly,  the 

adfreezing  forces  reached  5  kg/cm  .  With  leads  that  created  adhesive  forces 

of  1  kg/cm  ,  the  rods  were  pulled  out  in  8-12  hours,  while  1,  000-3,  000  hours 

2 

elapsed  before  extraction  of  the  rods  with  adhesive  forces  of  0.  5  kg/cm  . 

The  resistance  of  ice  to  local  crumpling  may  be  considerably 
greater  than  the  resistance  of  ice  to  crushing.  Korzhavin's  (1955)  data  show 
that  the  ultimate  local  crumpling  strength  of  ice  may  be  2-2.  5  times  greater 
than  the  ultimate  strength  in  general  unilateral  compression.  He  proposes 
the  following  formula  for  cases  of  the  crumpling  of  river  ice 


<r 


crumpling 


(T 

compression 


(32) 


This  formula  defines  the  ultimate  crumpling  strength  of  ice  v 

a  function  of  the  ultimate  compressive  strength  v  ,  the  width  of 

compressive 

the  floe  B  and  the  width  of  the  crumple  area  b  (we  have  in  mind  the  crumpling 
at  the  edge  of  a  floe,  along  its  entire  vertical  face). 

When  a  solid  body  (a  die)  it  inserted  into  ice.  the  magnitude  of  the 
resistance  of  the  ice  and  the  nature  of  its  destruction  arc  functions  of  the  size 
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and  shape  of  the  die.  th%  rate  of  insertion  (or  the  rate  of  application  of  load 
to  the  die)  and  also  the  size  and  shape  of  the  volume  of  ice  into  which  the  die 
is  inserted.  Finally,  other  factors  which  affect  the  compressive  strength  of 
the  ice.  namely,  temperature,  ice  structure,  et  al.  ,  also  play  a  role  here. 

For  example,  Korzhavin  (1955)  observed  that  the  force  required  to  insert  the 
die  decrc.'iscs  1.  5  to  2>fold  if  a  triangular  die  with  a  peak  angle  of  60°  is  used 
instead  of  a  semi-circular  die.  other  conditions  being  equal. 

In  the  case  of  a  slow  increase  of  load  and  prolonged  loading,  causing 
stresses  beiieath  the  die  which  arc  small  compared  with  the  ultimate  strength, 
the  die  penetrates  into  the  ice  smoothly  due  to  the  creep  of  the  ice.  A  rapid 
increase  of  load  cauees  brittle  fracture  of  the  ice  with  crack  formation  in  a 
zone  near  the  die. 

The  strength  of  river  ice  decreases  considerably  di»ring  the  oak- 
up  period  (1.  5  to  3-fold).  The  sun's  rays  and  heat  cause  the  to  begiv. 
melt  throughout  its  volume  by  the  time  of  the  spring  breakup.  First,  mulling 
occurs  at  the  contacts  betw-  jn  the  crystals,  where  films  of  mineralized 
water  formed  during  the  freezing  process,  freezing  and  subsequently  molting 
at  a  low  temperature.  During  the  melting  of  these  interlayers,  voids  having 
a  lower  pressure  formed  and  water  could  penetrate  into  them.  As  a  result, 
the  ice  became  cloudy  and  friable  and  became  rapidly  weaker. 

To  determine  the  {wssible  forces  of  interaction  between  bridge 
supports  or  various  hydrotcchnical  structures  and  ice  during  the  spring  break¬ 
up  period,  one  may  use  the  calculated  values  of  ice  strength  as  a  function  of 
the  rate  of  movement  of  the  ice  (table  13)  proposed  by  Korzhavin  (1955). 

The  resistance  of  ice  to  dynamic  loads.  Usually  the  term  dynamic 
loading  is  used  to  define  loadings  during  whicn  there  is  a  substantial  accelera¬ 
tion  of  the  particles  of  the  loaded  body  or  of  another  body  in  contact  with  it, 
for  example,  in  the  case  of  impact  or  oscillations. 

During  forced  oscillations,  causing  stresses  which  vary  in  sign, 
cracks  may  appear  in  the  ice,  gradually  grow  and  cause  dc.itruction.  Con¬ 
sequently,  ultimate  strength  decreases  with  an  increasing  number  of  cycles 
of  changing  stresses. 
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B.  O.  KkYtMshkin  (1947)  noted  thnt  in  most  esses  ice  beams  under 
»  relatively  small  static  load  disintegrated  during  forced  oscillations.  The 
greatest  additional  dynamic  stress  which  an  ice  beam  was  able  to  withstand  for 
•  ^»i*ly  long  time  (10,000,  000  cycles)  without  disintegrating,  at  a  tempera¬ 
ture  of  -5  C  to  -9°C  under  a  static  load  causing  a  maximum  stress  of  2.  5  kg/cm^ 
with  an  ultimate  strength  of  16  kg/cm^,  was  approximately  1.  5  kg/cm^.  The 
smallest  additional  dynamic  stress  above  which  the  beams  disintegrated  almost 
insianteneously  was  approximately  2.  75  kg/cm^.  Thus,  the  ultimate  strength 
decreased  3  to  4-fold  during  dynamic  loading. 

The  nature  of  the  impact  deformation  is  a  function  of  the  active 
rate  of  loading  (the  impact).  A  small  impact  velocity  causes  only  elastic 
deformations.  When  the  rate  of  impact  is  increased,  elasto-plastic  deformations 
appear  and  finally  brittle  fracture.  As  yet,  too  little  study  has  been  devoted  to 
problems  of  the  resistance  of  ice  to  impact  stresses. 


TABLE  I 


Elastic  Modulus  o£  Ice.  According  to  Data  from  the  Static  Method 


Investigator 

Type  of  Ice 

Type  of 
Loading 

Temp. 

-“c 

Elastic 
modulus  p 

X  10^  kg/cm^ 

Lit. 

Bevan,  1824 

Lake 

Bending 

— 

52 

Veinberg,  i940 

Fabian.  1877 

Artificial 

Tension 

0 

17 

II 

Koch,  1833 

Lake 

Bending 

— 

70-90 

?: 

Trowbridge 

and  McRea, 

1885 

Pond 

Bending 

1 

41-57 

II 

Ditto 

11 

tt 

s 

58-72 

tt 

Ditto 

ft 

It 

5 

88-104 

If 

Ditto 

II 

" 

7 

59-83 

It 

Hess.  1902 

Glacier 

0-5 

5-42 

Hess,  1902 

Koch.  1913 

Lake 

6-8 

59-68 

Koch,  1913 

Koch.  1914 

River 

•  1 

0 

86- !  17 

l^rkrU  ic:.; 

Matsuyama, 

1920 

M 

",  °if  and  1* 

3.9 

9 

Lin'lco'. ,  1957 

Ditto 

♦♦ 

2.6 

6 

Ditto 

II 

®  If 

3.7 

19 

It 

Pinegin,  1923 

II 

Bending 

5.9 

12 

Pinegin,  192  3 

Ditto 

11 

M 

15.  19 

21 

II 

Pinegin,  1922- 

Compression, 

1925 

II 

°  f 

3 

3-37 

Pinegin,  1927 

Ditto 

fl 

Compression, 

"  f 

5 

48-84 

Sokolov,  1926 

Monocrystal 

Bending 

6 

27 

Sokolov,  1926 

Ivanov,  K.  E. 

- 

Bending  of  ice 

cover  (sheet) 

— 

44 

l‘-anov,  1946 

Shiil'man 

- 

- 

— 

-- 

Shul'man,  1948 

Kobeko,  1946 

- 

- 

— 

-- 

Kobeko.  1946 

Kartashkiii, 

Fluid  (loose. 

1943-194S 

pourable} 

Compression 

3.  ') 

31 

'Kartashkin,  194 

Ditto 

ft 

♦  ♦ 

7-8 

48-60 

Ditto 

•• 

Tension 

9 

36-55 

i 

Ditto 

It 

•• 

18 

42-60 

Ditto 

Reservoir 

• 

fl-  7 

25-46 

Ditto 

River 

5.  5-8 

57-50 

Ditto 

River 

Bending 

1.5-21 

35-62 

I 

Ditto 

Fluid  (loose. 

pourable) 

Bending 

1  -18  5 

11-50 

Ditto 

?♦ 

Bending 

20-27 

35-75 

Ditto 

»* 

1^0 

1  7i-89 

j _ 

*  o  is  the  direction  of  the  opltc  axis  t«f  th*-  crystals,  f  the  direction  o{  the 


force  and  I  the  length  of  the  sample. 


-  63  - 


^®S®BBSa9UBBC»»atwi! 


TABLE  U 

The  Elastic  Modulus  of  Ice,  According  to  Data  of  the  Dynamic  Method 


Investigator 


Trowbridge 
and  McRae, 
1885 

Brockamp 
and  Mothes, 
1929 

Boyle  and 
Sproule,  193 

Ditto 


and  Thorne, 
1934 

Berdennikov, 

1948 

Nakaya,  1958 
Ditto 


Type  of  ice 

Method  of 
Investigation 

Elastic 
modulus  p 
X  10  kg/cm^ 

Artificial 

Longitudinal 
and  transverse 
prism  oscilla¬ 
tions 

— 

61-86 

Alpine - 
glaciers 

Seismometric 

— 

69 

Artificial 

Acoustic 

9-20 

90-94 

tl 

It 

30-35 

95-109 

Artificial 

and 

Lake 

II 

5-15 

88-98 

Artificial 

tl 

2-40 

88-97 

Glacier,  den¬ 
sity  0.914 

It 

9 

90 

Glacier,  den¬ 
sity  0.  90 

tl 

9 

70 

Glacier,  den¬ 
sity  0.  70 

II 

9 

40 

Veinberg, 

1940 

Brockamp 
and  Mothes, 
1930 

Boyie  and 
Sproule,  1931 


Ewin^,  Crary 
and  Thorr.c, 

1934 

Berdennikov, 1948 
Nakaya,  1958 


TABLE  m 


Variation  of  the  Elastic  Modulus  of  Ice  During  Bending  as  a 
Function  of  Load 


Range  of 
change  of 
load,  in 

kg 

Beam  1  I 

jBeam  2  | 

1  Beam  3 

Temperature, 

ej 

Wmm 

K  O 

g 

•a 

V 

.2 

MS  O 

a 

.,1^ 
wn  a 

o  u 

a 

,  a 

<'o 

X 

0-12 

3.0 

53 

5 

65 

5 

5 

12-0 

3.  2 

65 

4 

65 

5 

4 

0-21 

2.9 

66 

7 

57 

8 

8 

21-0 

2.  7 

51 

9 

51 

9 

46 

10 

0-30 

3.  0 

51 

13 

37 

18 

35 

19 

30-0 

3.  1 

55 

12 

32 

21 

-- 

— 

0-40 

2.  1 

38 

23 

37 

24 

44 

20 

40-0 

1.8 

33 

27 

34 

26 

-- 

1  •  *• 

0-40 

3.9 

42 

21 

40 

22 

29 

30 

40-0 

3.  2 

37 

24 

37 

24 

i 

40 

1 

22 

Variation  of  the  Elastic  Modulus  with  Repeated  Loadings 
and  Unloadings  (Kartashkin,  1947) 


Test  Type 

Hi 

Elastic  modulus  E  x  10^ 

kg/ern^ 

^2 

^3 

^20 

Compression 

3.  5 

31.  5 

42.  5 

Tension 

6.9 

39.  9 

48.  2 

49  1 

-- 

tt 

6 

37.  4 

43.  4 

41.  0 

44.  0 

-• 

fl 

6 

40.  7  i 

-- 

49.  2 

53.  3 

Bending 

8 

39.4 

43.  4 

47.  6 

-- 

-- 

If 

6.  5 

43.  2 

1 

»  m 

45.  4 

49.  0 

1 1 

13.  5 

40.  2 

45.  5 

46.  4 

m 

♦  The  subscript  with  the  E  inUicaics  the  number  of  loadings  for  which  the  value 
of  the  clastic  modulus  was  determined. 
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TABLE  V 


The  Shear  Modulus  of  Ice 


Investigator 

Type  of  ice 

Method  of 
Investigation 

Temp. 

Shear 

modulus  y 
xlO^  kg/cm 

Lit. 

Veinberg, 

1905 

River 

!  Torsion  of 
cylinder, 

1  ojLf 

0 

1 

10 

Veinberg, 

1906 

Ditto 

11 

1  " 

5 

16 

II 

Ditto 

Glacier 

Torsion  of 
cylinder 

0 

8 

11 

Ditto 

It 

II 

5 

34 

II 

Koch,  1914 

Lake 

Torsion  of 
prism 

... 

28-30 

Koch,  ‘914 

Matsuyama, 

1920 

River 

Torsion  of 
cylinder, 

Uf 

7 

2 

Veinbe  rg, 

1940 

Brockamp 
and  Mothes, 
1930 

Glacier 

Seismometer 

1 

ca.  0 

25 

Brockamp 
and  Mothes 

1930 

Ewing,  Crary 
and  Thorne, 
1934 

Artificial 

Torsional 

vibrations 

5-15 

34 

Ewing,  Crary 
and  Thorne, 
1934 

Kartaslikin, 

1943-1945 

Fluid  (loose, 
pourable) 

Torsion  of  a 
cylinder 

4-5 

10-11 

Kartaslikin, 

1948 

Ditto 

It 

!• 

11-16 

10-21 

M 

Ditto 

River 

II 

10-16 

13-18 

M 

Voitkovskii, 

1958 

Artificial, 

random 

structure 

Torsion  of 
tubes  of 
ice 

4 

12-18 

- 

1 

I 

[ 
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TABLE  VI 

Steady-State  Angular  Strain  Rates  for  Ice  (lO'^  l/hr)  With  Normal 
and  Shear  Stresses  Acting  Simultaneously  (for  Tube  !♦)  at  a  Tem¬ 
perature  of  -1.  2°C,  for  the  Remaining  Tubes,  -4°C) 


Stresses  in  kg/cm 


Tube  Number  ♦♦ 


1 

theo- 

^00 

actual 

retical 

12 

1.  0 

1.0 

15 

1.2 

1.2 

17 

1.4 

1.  5 

22 

1.8 

1.9 

22 

1.  0 

1.  0 

26 

1.2 

1.3 

31 

1.4 

1.5 

2  3  4  5 


•oo!  ^00  I  ^00  I  *00  I  *00 


actual!  retical 


-  I  14 . 

. 13  13 

.  19 

11  17  10  16  12 

12  . 

14  23  12  --  -- 

..  —  —  24  18 

. 26 

20  —  --  28  20 

22  —  —  —  — 

. 38  -- 

. 30 

.  47  29 

. 60  -- 

..  ..  ..  52** 

..  ..  85*=-- 


According  to  formula  (13) 


/  2  " 
s  -/3—  .  T 


for  ‘.orsion  and  longitudinal  compression  of  the  tube. 

y  are  the  minimum  shear  rates  in  absence  of  the  prolonged  stage  of 
steady  creep;  Ractual  actual  relative  increase  of  ll'.e  shear  rate  due 


to  normal  stresses 


theoretical 


IS  the 


actual  Y  (a  ^  ;  ’ 

same  ratio  calculated  theoretically  according  to  formula  (16)  when  na2 

p  ;  S/t 

theoretical  ' 
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TABLE  Vn 

The  Ultimate  Strength  of  Ice  for  Unilateral  Compression 


Investigator 

Type  of 

Ice 

Temp. 

-°C 

Strength,  in  k| 

/  2 
g/cm 

Literatrie 

h” 

*^11 

(T 

Vasenko,  1899 

Artificial 

10-18 

•••• 

VasenKo, 1899 

Lntto 

River 

12-17 

37-46  ■ 

•  • 

IS 

Bell.  1911 

River 

0 

25-54 

Komarovski! 

Ditto 

River 

8-10 

-- 

34-78 

II 

Barnes  and 

McKay,  1914 

tl 

0 

17-40 

16-39 

-- 

II 

Bessonov,  1915 

tl 

— 

10-26 

29-61 

Bessonov, 1923 

Sergeev, 1921 

tl 

-- 

— 

10-75 

Sergeev,  1929 

Pinegin,  1923 

River, upper 

part 

0-2 

18 

21 

-- 

Pinegin,  1923 

Ditto 

It 

12-15 

25 

29 

II 

Ditto 

II 

31-35 

28 

38 

II 

Ditto 

River,  middle 

part 

0-2 

28 

36 

II 

Ditto 

If 

12-15 

33 

33 

II 

Ditto 

II 

31-35 

69 

76 

1 

t  * 

Ditto 

River,  lower 

part 

0-  2 

12 

18 

m  • 

tl 

Ditto 

II 

12-15 

18 

20 

•»  • 

M 

Ditto 

It 

31-35 

32 

38 

-- 

i: 

Arnol'd-Alia- 

From  Gulf 

0 

22 

Arnol'd-Alia- 

b'ev,  1923-28 

of  Finland 

b'ev,  1929 

Ditto 

II 

1 

-26 

-- 

-- 

M 

Ditto 

ft 

2 

35 

-- 

-- 

II 

Ditto 

M 

5 

47 

-- 

" 

Ditto 

It 

9 

56 

-- 

-- 

'  It 

Ditto 

II  ! 

13 

52 

-- 

II 

Korzhavin,  1934 

River 

0 

10 

30 

-- 

Korzhavin,  1951 

Ditto 

If 

0.  3 

12 

22 

-- 

If 

Ditto 

It 

0.6 

10 

37 

-- 

It 

KOVM  team, 

Khomichev- 

1936-1937 

Underground 

0.  1-9 

-- 

-- 

9-32 

skaia,  1940 

Ditto,  con- 

taminated 

I 

Ditto 

with  ground 

3-7 

-- 

— 

16-43 

ice  of  ground 

Ditto 

nalcd  (icing) 

0-86 

-- 

-- 

lb-122 

1 1 

Mean  value 

for  upper 

V'cinbcrg 

part 

3 

29 

33 

-- 

Vcinberg,  1940 

Ditto,  for 

Ditto 

lower  part 

3 

23 

28 
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TABLE  VU  (CONI'* D) 


Strenf 

Ith  in  hg/cm^ 

Investigator 

Type  of 

Ice 

Temp. 

1 

■ 

<r 

W 

■ 

Literature 

Kartashkin 

1943-1945 

Reservoir 

2 

36-50 

Kartashkin, 

1947 

Ditto 

Fluid  (loose 
pourable) 

3.5 

■»  m 

48-51 

!• 

Ditto 

tl 

8 

-- 

48-83 

tl 

Korzhavin, 

1938 

River 

0 

15 

.. 

.. 

Korzhavin, 

1952 

Ditto 

"  i 

3.6 

27 

If 

Korzhavin, 

1950 

tl 

0 

10 

.. 

1 

! 

II 

Buciagin, 

1953 

ft 

0 

5-19 

-- 

! 

i - 

Butiagin, 

1955 

1 _ 

Remarks:  is  the  ultimate  compressive  strength  in  a  direction  per* 

pendicular  to  the  crystal  axes; 

0*,,  ,  ditto,  for  compression  in  the  direction  of  the  crystal 
axes; 

cr  ,  ditto,  in  cases  where  there  is  no  clearly  defined 
crystal  orientation  in  the  test  sample  or  where  the  orienta¬ 
tion  is  not  known. 
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TABLE  VIII 

2 

The  Ultimate  Compressive  Strength  of  Ice  (kg/cm*')  as  a 
Function  of  the  Strain  Rate  and  the  Temperature 


Temperature,  -°C 


Strain  rate  v 
in  cm/min* 

0 

2 

4 

6 

1 

8 

1 

10 

2 

14.5 

21.  2 

27.  5 

35.  0 

41.  2 

48.  9 

20 

m 

10.0 

j 

10.  5 

11.5 

13.  0 

14.  2 

* 


3 

The  rate  of  compression  of  cubes  10  x  10  x  10  cm  perpendicular  to  the 
crystal  axes. 


j 

i 

I 

f 

J 
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TABLE  IX 


Ultimate  Tensile  Strength  of  Ice 


Investigator 

Type  of  ice 

•  C 

Streng^, 

kg/cm'^ 

Lit. 

Vasenko,  1897 

Artificial 

4-12 

11-19 

Vasenko,  1897 

Hess,  1902 

Glacier 

7 

II 

Pinegin,  1923 

River,  middle 
part,  Xf 

10 

Pinegin,  1923 

Ditto 

II 

12 

tl 

Ditto 

M 

14 

II 

Ditto 

River,  middle 
part,  £ 

0-2 

11 

II 

II 

»  *>  •  ^ 

^  ( 

Ditto 

tl 

i  A 

31-35 

19  1 

1  18 

[ 

1  " 

Ditto 

River,  lower 
part, 

0-35 

5-8 

Ditto 

Ditto,  but 

Ilf 

1 

0-35 

10-13 

M 

Veinberg, 194C 

Average  vaiuc 
of  235  tests 

11.  1 

Veinberg,  1940 

Kartashkin 

1943-1945 

River 

Fluid  (loose. 

3-8 

1 

9-12 

Kartashkin 

1947 

TABLE  X 

Ultimate  Bending  Strength  of  Ice 


Investigator 

Vaaenko, 1897 
Ditto 


Bessonov, 
1913-1915 
Sergeev,  1921 


10911 

-  — — **  *  — 
Ditto 


Basin,  1934 


Orlov,  1940 
Ditto 


Troshchinskii, 

1942 

Shishov,  1938- 
43 

Ditto,  1942 
Ditto 
Ditto 
Ditto 

Neronov,  1943 


♦  Ice  strips,  literally  pieces  in  the  form  of  piano  keys  (tr.  note) 


-  73  - 


Type  of  ice 

Temp.  -°C 

2 

Strength,  kg/cm 

Literature 

River 

15 

25-45 

Vasenko,  1897 

Artificial 
River, upper 

15 

30-42 

It 

pt. 

River,  middle 

6 

8.  3 

Veinberg,  1913 

pt- 

River,  lower 

0 

13.  0 

It 

pt. 

0 

12.  7 

River 

River,  upper 

3 

11-31 

Bessonov,  1923 

pt. 

River,  middle 

0 

11.4 

Sergeev,  1929 

pt- 

River,  lower 

0 

9.9 

♦  » 

pt- 

0 

14.  4 

ft 

A**  •  •  W  A 

e  o 

IG 

r^megTFT  19^3 

If 

15-19 

33 

" 

0.  2-32 

5.  7-22.  I 

Pedifer,  1929 

ft 

River,  strain 
rate  v«2  cm/ 

0 

11.8 

Kor/Jiavln,  1951 

min 

Ditto,  vs20 

0 

9.2 

It 

cm/min 

0 

3.  6 

M 

River 

River,  fractur 

8-10 

e 

3-45 

Orlov,  1940 

in  water,  v  f 
River,  fractur 

0 

e 

25 

M 

in  water,  o  f 
River,  av. 

0 

14 

It 

value 

River,  flexure 
of  ice  strips 

3 

16 

Veinberg,  1940 

in  water 

0 

7.  1 

1.  4-8.  3 

Korzhavin, 1951 

tf 

1 

l-av.  4) 

Shishov,  1947 

River 

2 

9-13 

1 1 

River 

5 

10-16 

M 

" 

10 

13-20 

1 1 

f* 

River,  flexure 

20 

18-19 

It 

j  of  ice  strips* 

0 

2.  8-5.  6 

rieronov,  1946 

TABLE  X  (CONT'D) 


*  ice  strips,  literally  pieces  in  the  form  of  piano  keys  {tr.  note) 


TABLE  XI 


Ultimate  Shearing  Strength  of  Ice 


Investigator 

Type  of  ice 

Temp.  -°C 

Literature 

Pinegin,  1922-23 

River,  middle 
part,  f 

0-2 

6 

Pinegin, 1923 

Ditto 

U 

12-15 

10 

II 

Ditto 

II 

31-35 

13 

II 

Ditto 

River,  middle 
part,  0||f 

1  0-2 

1 

6 

•  1 

Ditto 

It  •• 

12-15 

9 

M 

Ditto 

II 

31-35 

12 

II 

Ditto 

River,  lower 
part,  ®Xf 

0-23 

7-9 

II 

Ditto 

" . 

0-23 

6-9 

tl 

Finlay  son, 

1927 

River 

1-24 

5-35 

Komai'jvskii. 

1932 

Sheikov  and 
Taytovich 

Artificial 

0 

9 

Tsytovicii  and 
Snmgin,  1937 

Ditto 

II 

0,4 

11 

II 

Ditto 

II 

2.9-6.  1 

27-38 

II 

JXtto 

II 

10.  i 

56 

It 

Veinberg, 

1940 

Av.  value  for 
111  tests 

5.  8 

Veiiiberg,  1940 

Butiagin, 

1956-1957 

River  (section 
of  a  strip 
between  holes 
in  the  ice) 

0 

1,6-8.  3 
(av.  3.5) 

j 

Butiagin,  1958 

Ditto 

Ditto,  before 
breakup  of  ice 

0 

2,  2 

i 

tl 
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TABLE  XQ 


The  Adhesion  Between  Ice  end  Other  Substances 


Material  and  ty^ o 
of  Surface 

Temp.  -°C 

Adhesion  ^ 

force,  kg/cm^ 

Concrete  with  plast- 

0 

8-11 

ered  surface  (Non- 
ionized) 

1.  1 

13-16 

Wood  (pine)  with  a 
smooth  surface 

1 

5.  2 

(1 

5 

6.2 

tl 

7 

11.6 

10 

U.  V 

ft 

20 

22.0 

tl 

Ut 

1 

o 

11.  5 

Concrete  with  a 
smooth  surface 

5-10 

9.8 

Iron 

0.  085 

0.  14 

ft 

0,  32 

0.  52 

ft 

0.  50 

0.81 

II 

1.  09 

2.  95 

Asphalt  (blluzncn) 

0.  08 

0.  025 

ft 

1.  09 

n  7fl 

Investigator 


Literature 


Bell,  19U 

Tsytovich, 

1930 

Ditto 

Ditto 

Diitu 

Ditto 

Ditto 

Ditto 

Al'tberg,  1948 

Ditto 

Ditto 

Ditto 

Ditto 


Komarovskii, 

1932 


Tsytovich  and 
Sumgin,  1937 


Al'tberg,  19'IS 


TABLE  Xin 


2 

Ultimate  Strength  of  River  Ice  (kg/cm  )  During  the  Period  of 
The  Spring  Break«up  ne  a  Function  of  the  Rate  of  Ice  Movement 

(m/sec) 


Rivers  of  the  North  and  Siberia 

Rivers  of  the  European  USSR 

Ice  mo¬ 
tion 

0.5 

Full  break-up 

Ice  mo¬ 
tion 

0.5 

Full-break-up 

“TB  pr? 

"TTJ  j  iTs 

Type  of  force 


mxmsSS 


I  Fig.  1.  Schematic  diagram  of  the  phase  state  of  water  (the  dashed 

I  line  is  the  equilibrium  curve  of  vapor  and  supercooled 

f  water). 

i 

I 

» 


Curves  of  the  solidification  of  an  aqueous  solution  of 
sodium  chloride. 


r 


M  m  m  m  m 

time  in  minutes 


□ 

□ 

/ 

Fig.  5.  Tensile  utrsin  of  an  ice  monocrystal  at  temperature  -5  C 
(tension  at  an  au^le  of  43~  to  the  crystal  axis). 


X  f  *** 
tune  in  hours 


Fig.  6.  Curves  of  the  compressive  strain  of  polycrystallinc  ice 
samples;  after  Glen  (1955) 

1.  «r  =6.1  kg/cm^,  t  =  -0.  02°Cj  }.  e  =3.6  kg/cm^, 
t  =  -0.  02®C;  3.  s  ,  =  6  I  kg/cm^,  t  =  -6.  7‘-'C; 

4.  V  =  6.  0  kg/cm*  t  =  -12.  7°C. 
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Fia.  10.  Pure  shearing  of  ice  at  a  iemp<*.ralure  of  -4  C 
(t  is  tangential  stress  in  kg/cm*) 


»une  in  minutes 


Curves  of  relaxation 


Curves  of  icc  creep  (Tj  "  limit  of  prolonged  creop) 


Fig,  15 


Fig.  16 


03 


Change  in  thn  Fteady  state  shear  as  a  function  of  tangential 
stress:  a>graph  in  ordinary  cooidioatof ;  b-thc  same,  in 
logarithmic  coordinates;  1.  at  I  =  -I.  2^*0;  2,  .at  t  ?  -4*^0;  thn 
black  dot.s  indicate  points  corresponding  tw  the  mU.imum  shear 
velocity  with  stresses  exceeding  the  limit  of  prolonged  v  reep, 
when  there  is  no  prolonged  stage  of  steady  creep. 
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Fig.  20.  Creep  oi  ice  with  normal  and  tangential  etreac  acting  aim 
ultaneoualy  at  temperature  >3.  8°C. 

Solid  line  >  change  of  relative  ahear;  daahcd  line:  chango 
of  relative  compreaaion;  r  normal  atrcaa  in  kg/cm^; 

T  tangential  atreas  in  kg/cm*^. 


Theoretical  curve*  of  the  relaxation  of  streene"  during 
unilateral  compresfion,  calculated  on  the  basic  of  fur- 
muia  (Z9). 


elastic 


Tbe  distribution  of  streoscs  in  a  cross  section  of  a 
flexed  ice  beam. 


2 

Fie.  2S.  Indentation  of  a  flat,  round  di«  30  cm  into  ic«  at 
t  =  -3.5®C. 

L  with  T  •  2  kg/cm*;  2.  with  e  -  5  kg/cm^ 


Fig.  26.  Curve  of  long>term  strength  of  ireesing  of  ice  to  wood 
at  t  =  -0.4®C. 
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